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The MESSENGER spacecraft orbiting Mercury 
has been in a ~12-hour eccentric, near-polar 
orbit since 18 March 2011 (see the Perspec- 
tive by McKinnon). Smith et al. (p. 214, pub- 
lished online 21 March) present the most re- 
cent determination of Mercury's gravity field, 
based on radio tracking of the MESSENGER 
spacecraft between 18 March and 23 August 
2011. The results point to an interior structure 
that differs from those of the other terrestrial 
planets: the density of the planet's solid outer 
shell suggests the existence of a deep reservoir 
of high-density material, possibly an Fe-S lay- 
er. Zuber et al. (p. 217, published online 21 
March) used data obtained by the MESSENGER 
laser altimeter through to 24 October 2011 to 
build a topographic map of Mercury's north- 
ern hemisphere. The map shows less variation 
in elevation, compared with Mars or the Moon, 
and its features add to the body of evidence 
that Mercury has sustained geophysical activ- 
ity for much of its history. 


Going Ape Over 
Genetic Maps 


Recombination is an important process in 
generating diversity and producing selectively 
advantageous genetic combinations. Thus, 
changes in recombination hotspots may influ- 
ence speciation. To investigate the variation in 
recombination processes in humans and their 
closest existing relatives, Auton et al. (p. 193, 
published online 15 March) prepared a fine- 
scale genetic map of the Western chimpanzee 
and compared it with that of humans. While 
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rates of recombination are comparable between 
humans and chimpanzees, the locations and 
genetic motifs associated with recombination 
differ between the species. 


Harnessing the 
Magnetoelectric Effect 


Some multiferroic materials exhibit the so-called 
magnetoelectric effect, in which an external 
magnetic field can cause electric polarization 
and an electric field can cause magnetic order. 
This is important because the manipulation of 
magnetic structures by electric means is techno- 
logically highly desirable. Seki et al. (p. 198) 
discovered spin whirlpools called skyrmions 

in the multiferroic material Cu,OSeO, and 
observed a magnetoelectric coupling exerted 

by the skyrmions. The existence of skyrmions in 
an insulating magnetoelectric material holds 
promise for their future manipulation. 


Manipulating 
Optical Topology 


Phase transitions in solid-state systems are often 
associated with a drastic change in the properties 
of that system. For example, metal-to-insulator 
transition or magnetic-to-nonmagnetic states find 
wide application in memory storage technology. 
An exotic electronic phase transition is the Lifshitz 
transition, whereby the Fermi surface undergoes 
a change in topology and a drastic change in the 
electronic density of states. Krishnamoorthy et 
al. (p. 205) now show that the notion of such a 
phase transition can be carried over to the optical 
regime by the suitable design of a metamaterial 
structure. This effect could be used to control the 
interaction between light and matter. 


Finessing Ferroelectric 
Liquid Crystals 


For a mate- 
rial to show a 
ferroelectric 
response, it 
needs to have 
segments that 
can be polar- 
ized, with a net 
polarization 
that remains when the applied field is removed. 
However, the fluidity that allows liquid crystal 
molecules to easily move under an applied 
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force also makes it hard to create a ferroelectric 
response. Miyajima ef al. (p. 209) show that 
a set of columnar liquid crystal molecules, 
with polar cyano groups tethered to amide- 
capped nonpolar chains, can assemble into an 
umbrella-shaped core-shell architecture, in 
which hydrogen bonding among the amides 
keeps the cyano groups confined. With only 
subtle variations in the tether chemistry, the 
assemblies can be tuned from having a para- 
electric to a ferroelectric response, which 
requires only a small coercive field. 


To Cut or Not to Cut 


During animal cell division, the final separation 
of daughter cells requires ESCRT-III (endosomal 
sorting complex required for transport III), the 
core membrane scission machinery. Carlton et 
al. (p. 220, published online 15 March; see the 
Perspective by Petronczki and Uhlmann) re- 
port that ESCRT-III modulates abscission timing 
through one of its subunits, CHMP4C. Depletion 
of CHMP4C results in faster resolution of the 
midbody, the cytoplasmic bridge that connects 
the daughter cells at the end of cytokinesis. 
This phenotype correlates with a differential 
spatiotemporal distribution of CHMP4C at the 
midbody. As CHMP4C is essential for activating 
the Aurora B—mediated abscission checkpoint, 
consequently, depletion of CHMP4C results in 
the accumulation of genetic damage. Thus, 

the ESCRT machinery protects the cell against 
genetic damage by coordinating its cytokinetic 
activity with the abscission checkpoint. 


Disrupting Drug Memories 


In drug recovery programs, conditioned 
responses to drug cues can be inhibited by 
extinction protocols. However, extinguished be- 
havioral responses can return after renewed ex- 
posure to the drug itself, or to drug-associated 
paraphernalia, and sometimes these responses 
reemerge spontaneously. Attempts have been 
made to disrupt cue-memory reconsolidation 
or to strengthen extinc- 
tion learning, but these 
efforts have often relied 
on pharmacological 
agents that either are 
not approved for human 
use or cause problematic 
side effects. Xue et al. 
(p. 241; see the Perspec- 
tive by Milton and Everitt) have tried to 
circumvent the limitations of pharmacological 
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approaches in daily retrieval trials conducted in rats within the short timeframe of the “reconsolida- 
tion window” before the extinction sessions reduced drug-induced reinstatement, spontaneous re- 
covery, and renewal of drug seeking. When translated to heroin-addicted humans, similar retrieval 
trials before extinction sessions impaired cue-induced heroin craving up to 6 months later. This 
retrieval-extinction procedure is thus a promising non-pharmacological treatment for addiction. 


Starvation and Autophagy 


Starvation stimulates withdrawal from the cell cycle, as well as 
stimulating autophagy. Are these two events connected? Lee 
et al. (p. 225) show a direct and nutrient-sensitive inter- 
action between the tumor suppressor p53 and the essential 
autophagy gene Atg7. Further, in the absence of Atg7, the 
p53-dependent induction of the cyclin-dependent kinase 
inhibitor p21 is inhibited. This leads to Atg7-deficient cells 
being unable to properly withdraw from the cell cycle under 
starved conditions. While Atg7 deletion leads to an impair- 
ment of p53-mediated cell-cycle arrest, the Atg7-deficient cells 
hyperactivate p53-mediated cell-death pathways. The physiological 

importance of this hyperactivation is underscored by the observation that 
genetic blocking of p53-mediated cell death significantly extended neonatal survival of mice in 
which Atg7 had been deleted. 


Open and Shut Case 


Voltage-sensing domains (VSDs) control the activity of voltage-gated ion channels to regulate the 
ion flow that underlies nerve conduction. Structural and biophysical studies have provided insight 
into voltage gating; however, understanding has been hindered by the lack of a crystal structure 
of a fully closed state. Starting from a structure of an open conducting state, a voltage-gated K* 
channel, Jensen et al. (p. 229) used all-atom molecular dynamics simulations to show the confor- 
mational changes involved in switching to the closed, nonconducting state. Additional simulations 
revealed the major steps of channel activation. The computational determination of a closed state 
may guide development of drugs to treat channelopathies associated with this resting state. 


Translation Block 


MicroRNAs (miRNAs) are small, noncoding RNA genes that are found in the genomes of most eu- 
karyotes, where they play an important role in the regulation of gene expression. Although whether 
gene activity is repressed by blocking translation of messenger RNA (mRNA) targets, or by promot- 
ing their deadenylation and then degradation, has been open to debate. Bazzini et al. (p. 233, 
published online 15 March) and Djuranovic et al. (p. 237) looked at early points in the repression 
reaction in the zebrafish embryo or in Drosophila tissue culture cells, respectively, and found that 
translation was blocked before target mRNAs were significantly deadenylated and degraded. Thus, 
miRNAs appear to interfere with the initiation step of translation. 


Monkey See, Monkey Read 


An orthographic object such as a set of letters, and the ability to recognize such sets as words, is a 
key component of reading. The ability to develop these skills has often been attributed to the prior 
acquisition of a complex language. For example, we learn how letters sound and thus recognize 
when a particular letter makes up part of a word. However, orthographic processing is also a visual 
process, because we learn to recognize words as discrete objects, and the ability to read may thus 
be related to an ability to recognize and classify objects. Grainger et al. (p. 245; see the Per- 
spective by Platt and Adams) tested orthographic skills in baboons. Captive, but freely ranging, 
baboons were trained to distinguish real English words from combinations of similar letters that 
are not words, and they were able to distinguish real words with remarkable accuracy. Thus, a basic 
ability to recognize words as objects does not require complex linguistic understanding. 
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Creativity at the Interface 


THE BIOCHEMISTRY THAT MAKES LIFE POSSIBLE IS BASED ON A COMPLEX NETWORK OF MANY 
thousands of interactions between molecules, and it presents an enormous challenge to the 
scientists trying to understand it. This special issue of Science, with its focus on computa- 
tional biology, demonstrates how mathematics and computer science are being successfully 
harnessed to tease apart this complexity (see p. 171). But we are only at the very beginning 
of the process, and it is certain that reaching a true understanding of cells and organisms will 
require many more contributions from mathematicians, computer scientists, engineers, physi- 
cists, and chemists to complement the efforts of biologists. For this reason, graduate schools 
have become increasingly enthusiastic about recruiting outstanding students with strong 
backgrounds in these fields to address challenging problems in the biological and biomedical 
sciences. This is an important trend, except that too often faculty mistakenly assume that learn- 
ing biology is easy, leaving these very talented young people nearly 
on their own to acquire the biological wisdom that they will need to 
explore the many mysteries in living systems. In fact, it is not at all easy 
to acquire the type of deep understanding of biology that is required 
to make wise decisions about what is, and what is not, an important 
problem to investigate; and a successful career in research will require 
much more than just a union of different expertise and tools. 

Doing good science is a highly creative endeavor, much like pro- 
ducing a piece of art. Like an artist confronting a blank canvas, any 
scientist exploring biological systems is faced with an enormous 
number of choices. The first choice concerns exactly what problem 
to investigate with the tools that are available. To make this critical 
decision wisely, one needs to appreciate how solving any particular 
problem relates to clarifying other poorly understood aspects of a 
cell or organism, because the research problems of greatest interest 
will aim to fill these important gaps. Should those who mentor young scientists place more 
emphasis on preparing them to make such judgments? More specifically, what type of grad- 
uate courses could most efficiently address this need? 

The next critical step is to design a promising strategy for attacking the chosen problem. 
Creativity is essential if one is to make a unique contribution, and a broad knowledge of 
what has previously been accomplished is key. As the French mathematician Henri Poincaré 
wrote more than a century ago: “To create consists precisely in not making useless combina- 
tions and in making those which are useful and which are only a small minority. Invention 
is discernment, choice ... Among chosen combinations the most fertile will often be those 
formed of elements drawn from domains which are far apart. . .. The true work of the inven- 
tor consists in choosing among these combinations so as to eliminate the useless ones . . .” * 

In biology as in other fields, the vast majority of possible investigations that could in princi- 
ple be carried out are uninteresting, involving what Poincaré might have called “useless combi- 
nations of prior knowledge,” and should be avoided. But how to choose? Should mentors spend 
more time helping students and postdoctoral fellows think broadly about research strategies, 
with the aim of preparing them to address the most important problems, whose solutions could 
fill critical gaps in our knowledge? Courses that explicitly analyze the decisions that outstanding 
scientists have made, emphasizing some paths not taken, could be productive here. 

In biology, scientists are producing an enormous amount of data, but many creative new 
approaches will be needed to convert the data into the deep understandings of biological mecha- 
nisms needed for breakthroughs that benefit humanity. How to best train the next generation to 
meet this challenge is a fascinating question to contemplate, as we work to improve the effec- 
tiveness of the scientific enterprise and expand its role in the world. — Bruce Alberts 


10.1126/science.1223013 


*H, Poincaré, Mathematical Creation, in]. R Newman, The World of Mathematics, vol. 4 (Dover Publications, Mineola, NY, 
2004) (www.ias.ac.in/resonance/Feb2000/pdf/Feb2000Reflections.pdf). 
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Heat in Hiding? 

Control over the propagation of electromagnetic 
radiation has been revolutionized by the discov- 
ery and development of transformation optics. 
Theoretical and experimental work has shown 
that the coordinate system of Maxwell's equa- 
tions that governs how light propagates through 
a material can be manipulated at will by the 
careful design of metamaterial structures—giv- 
ing rise to invisibility cloaks and perfect lenses. 
Guenneau et al. now show that such transforma- 
tion principles could also be applicable to heat, 
whereby the coordinate system of the diffusion 
equation can be manipulated to control the flow 
of heat through a particular region. Numerical 
simulations support the design of fairly simple 
structures that may function as thermal cloaks 
or thermal concentrators. If realized, such struc- 
tures could find use in thermal management 
systems for microelectronic circuits or stealth 
applications where hot objects can be hidden 
from view. — ISO 


Opt. Express 20, 8207 (2012). 


A Protein’s Magnetic Personality 


Cryptochromes, identified in plants as blue- 
light photoreceptors, may have yet another 
function to add to their résumé. The proteins 
are known to help regulate circadian rhythm 
and development and are found in plants, 


insects, and animals. Sequence similarities also 
link cryptochromes to bacterial DNA photolyas- 
es. Maeda et al. have now analyzed how redox 
signaling through the cofactor flavin adenine 
dinucleotide (FAD) can make these proteins 
function as magnetoreceptors. Studying 
a cryptochrome from Arabidop- 
sis and a DNA photolyase 
from Escherichia coli, the 
authors spectroscopically 
measured microsecond 
radical-pair kinetics. 
In response to light, 
electron transfer from 
tryptophan residues 
generates a FAD radi- 
cal anion. Imposition of 
a 28-mT magnetic field 
promoted back electron 
transfer (presumably by influ- 
encing spin state interconversion 
rates), with a consequent drop in conver- 
sion of the initial radical pair to a longer-lived 
intermediate via tryptophan deprotonation. 
Effects were apparent in magnetic fields as low 
as 1 mT. Although this is somewhat stronger 
than Earth’s magnetic field, these particu- 
lar Arabidopsis and E. coli proteins are not 
normally known for perceiving magnetic fields. 
The authors speculate about how cryptochrome 
proteins would need to be tethered and immo- 
bilized to function more efficiently as magnetic 
compasses in birds. — PJH 

Proc. Natl. Acad. Sci. U.S.A. 109, 4774 (2012). 


Getting the Question Right 


An inquiry-based science curriculum requires 
students. Are students studying to be teachers 


Graves and Rutherford examined 
©. the ability of elementary pre- 
service teachers to generate a 
testable question from earth 
science data available on- 
line. One group was given 
) instruction on what consti- 
tutes a testable question, 
and the other was referred 
to a conclusion rubric in a 


— y questions were categorized as 
testable or nontestable, and test- 
able questions were analyzed using 
a rubric designed to evaluate the preservice 
teacher's ability to identify variables, state 
investigative parameters, and identify relation- 
ships between variables. The majority of preser- 
vice teachers from both groups wrote questions 
that were testable but still needed modification, 
suggesting that the instruction given to the 
test group did not improve the quality of their 
questions. Moreover, it highlights the need to 
provide preservice teachers with more oppor- 
tunities to experience the nature of science by 
participating in research. — MM 


J. Coll. Sci. Teach. 41, 46 (2012). 
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(preservice teachers) learning this skill? 


laboratory manual. Generated 


CREDITS: (TOP) CENTERS FOR DISEASE CONTROL AND PREVENTION; (BOTTOM) ISTOCKPHOTO.COM 


Downloaded from www.sciencemag.org on April 12; 2012 


CREDIT: CHRISTIAN R. LINDER 


IMMUNOLOGY 
Sorting Out Toll in Flies 


Seminal studies of the Toll pathway in 
Drosophila led to the discovery of Toll-like 
receptors (TLRs) in mammals and paved the way 
toward our current understanding of innate im- 
mune signaling. In mammals, pairs of adapter 
proteins couple to TLRs to activate downstream 
signaling. In particular, a “sorting” adapter 
(either TIRAP or TRAM) helps to localize TLRs 
to a region of the cell that promotes signal- 
ing. Once sorted, a “signaling” adapter (either 
MyD88 or TRIF) then binds and initiates down- 
stream signaling that culminates in changes 
in gene expression. Surprisingly, however, ho- 
mologs for the sorting adapters have not been 
found in flies, and the MyD88 homolog in flies 
(dMyD88) does not appear to act as a signal- 
ing adapter. Marek and Kagan investigated the 
innate signaling mechanisms in Drosophila and 
found that dMyD88 instead functions 
as a sorting adapter and recruits 
Tube, which functions as a 
signaling adapter. Similar 
to mammalian cells, 
the sorting ability 
of dMyD88 was depen- 
dent on a C-terminal 
phosphoinositide- 
binding domain. 
Flies that expressed 
dMyD88 lacking 
this domain exhib- 
ited impaired immune 
defense, and other 
insect species expressed 
phosphoinositide-binding 
dMyD88 homologs, demonstrat- 
ing the important role of this signal- 
ing module in immune defense. — KLM 
Immunity 36, 10.1016/ 
j-immuni.2012.01.019 (2012). 


PLANT SCIENCES 
Splicing Shifts 


Alternative splicing, which affects about 40% 
of intron-containing genes in Arabidopsis, is 

a mechanism whereby mRNA transcripts are 
adjusted in ways that affect the function or 
stability of the mRNA or the structure of the 
translated protein. The circadian clock is also an 
important regulator of many genes in the plant 
genome. James et al. have now analyzed the 
intersection of these two complex phenomena, 
and discovered even more complexity. Although 
the period of the Arabidopsis circadian clock 

is rather stable over a range of temperatures, 
the clock does respond to temperature: Low 


EDITORS'CHOICE 


temperatures can cause a stall, and tempera- 
ture cycles can entrain the clock. The authors 
analyzed the handful of core clock genes and 
found extensive alternative splicing among 
these transcripts. The splicing events changed 
in response to temperature, often in surpris- 
ing ways. For example, transcripts encoding 
proteins thought to have redundant functions 
showed divergent splicing patterns in response 
to temperature shifts. Thus, models of circadian 
clock function should incorporate the added 
complexity of alternative mRNA splice variants 
that are modulated by temperature shifts and 
acclimations. — PJH 

Plant Cell 24, 10.1105/tpc.111.093948 (2012). 


ECOLOGY 
Climate Model Comparisons 


Predicting the effects of climate change on 
the future distributions of species is an inher- 
ently uncertain exercise. There are 
uncertainties in climate models 
themselves and also in 
the models of species’ 
response to climate 
change. To address 
this problem, 
Cheaib et al. 
compared the pre- 
dictions of eight 
different species’ 
response models 
for five dominant 
tree species in the 
flora of France, repre- 
sentative of the range 
of forest communities from 
Mediterranean in the south to 
more temperate in the north. 

For the two evergreen species considered, 
there was generally good agreement between 
models. Holm oak, the dominant Mediterranean 
species, substantially increases its range under 
all model scenarios; the range of Scots pine, 

a species of cooler and mountainous regions, 
was predicted to contract under most models. 
However, models agreed relatively poorly in 
their predictions of range shifts of three temper- 
ate broad-leaved deciduous species. A principal 
source of uncertainty is the current limits to 
understanding the effects of increasing CO, con- 
centrations on the physiology of these species. 
Such comparisons not only help foresters and 
conservation managers judge the probability of 
success (or otherwise) of management alterna- 
tives, but also help to focus future research on 
the areas of greatest uncertainty — AMS 
Ecol. Lett. 15, 10.1111/ 
j.1461-0248.2012.01764.x (2012). 
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Santiago 1 
Patagonian Dam Moves Forward 


A controversial $3.5 billion hydroelec- 
tric dam project in Patagonia—Project 
HidroAysén—won a key legal battle last 
week when the Chilean Supreme Court 
rejected seven appeals from environmen- 
talists and local groups seeking to stop it. 
Opponents had asked the Supreme Court 


Protesters in Santiago oppose Project HidroAysén. 


to overturn a lower court’s ruling in favor 
of the project, which is supported by the 
national government. 

Builders plan to erect five dams on 
the Baker and Pascua rivers in the pris- 
tine Aysén region, flooding about 6000 
hectares. The company says the dams 
could produce 20% of Chile’s electric- 
ity by 2020. But opponents say that the 
risks—including the likelihood of glacial 
lake outburst floods—are greater than has 
been acknowledged. The company has yet 
to win approval to build power lines for the 
project, which will require a 2000-kilo- 
meter-long continuous corridor from the 
dams to Santiago. 


aa 


Stockholm 2 


Life Science Lab Gets 

Fresh Funding 

A groundbreaking Swedish life science 
research initiative will add lab space and 
nearly triple its ranks to 1000 investiga- 

tors, thanks to newly announced infusions of 
funds. The private Knut and Alice Wallenberg 
Foundation will donate $33.4 million, and 
pharmaceutical company AstraZen- 
eca will add between $5 million and 
$10 million annually over the next 

5 years, to Sweden’s Science for 
Life Laboratory (SciLifeLab). The 
Swedish government later this year 
will also inject more money into the 
2-year-old collaboration between 
four of the country’s universities, 
according to Jan Bjorklund, Swe- 
den’s minister for education. 

Ina strategic bid to create a 
national life sciences powerhouse, 
Sweden committed $75 million in 
2010 to create SciLifeLab, whose 
campuses in Stockholm and Uppsala 
focus on proteomics studies, bioimaging, and 
projects such as sequencing the genomes of 
the Norway spruce and microbes living in the 
Baltic Sea (Science, 14 May 2010, p. 805). 
“We have high ambitions,” Bjorklund said at 
a3 April press conference in Stockholm. The 
new funds will enable SciLifeLab “to gather 
the sharpest brains and lay the foundation for 
new and major breakthroughs.” 
http://scim.ag/scilife 


Geneva, Switzerland 3 
Beginning of End of Higgs Hunt 


After its annual winter shutdown, the 
world’s highest-energy atom smasher, the 
Large Hadron Collider (LHC) at the Euro- 


pean particle physics lab, CERN, resumed 
taking data on 5 April, running at slightly 
higher energy than before. So begins what 
should be the final chapter in the decades- 
long hunt for the Higgs boson, the hypo- 
thetical particle that is key to physicists’ 
explanation of how all fundamental par- 
ticles get their mass. The LHC feeds two 
huge particle detectors, ATLAS and CMS, 
that are hunting the Higgs, and last year 
both spotted possible signs of the par- 
ticle. This year, the LHC should produce 
three times as much data as it did in 2011, 
enough to clinch the discovery—or prove 
that the Higgs doesn’t exist. “I would imag- 
ine that some time this summer, when we 
have collected as much data as we got last 
year, we'll get a hint of which way it will 
go,” says Bruce Mellado, a member of 

the ATLAS team from the University of 
Wisconsin, Madison. “Either we’ll confirm 
the excesses we saw in 2011 or we won’t.” 


Pasadena, California 4 


Giant Magellan Telescope 
Tells NSF ‘No Thanks’ 


The organization behind the $700 mil- 
lion Giant Magellan Telescope (GMT) has 
decided not to seek financial help from the 
U.S. government to build its 24.5-meter 


NOTED 


>A new tool is available to help doctors 
detect signs of Alzheimer’s disease: On 
6 April, the U.S. Food and Drug Admin- 
istration (FDA) approved the radioactive 
drug Amyvid, which binds to telltale amy- 
loid plaques in the brain. The drug has 
been used for years in research, includ- 
ing clinical trials, but FDA had held off on 
approving it pending more evidence that 
doctors would read the scans consistently. 
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telescope. Its decision leaves the $1 billion 
Thirty Meter Telescope (TMT) project 

as the sole contender for federal support, 
should the government be able to afford it 
in the future. 

In late December, the National Science 
Foundation (NSF) announced that it did not 
anticipate having money to fund either proj- 
ect until sometime in the next decade. At the 
same time, NSF said it would offer $1.25 
million over 5 years for the development of 
a public-private partnership plan that might 
lead to the building of a large telescope, if 
NSF were to ever have funds available. 

The GMT Organization opted out, 
issuing a press release on 2 April that 
explained it would instead seek to cultivate 


A blasting site 
in Chile for GMT. * 


partnerships on its own. “The partners in 
the project feel that they are making such 
rapid progress that they have chosen to 
press ahead at full speed, looking to link 
up with the NSF at a later date when the 
needs of both organizations are better 
aligned,” the press release states. 
http://scim.ag/_gmto 


NEWSMAKERS 


Morehouse Cardiologist 
Tapped to Head NHLBI 


Gary Gibbons, a cardiologist and scientist at 
Morehouse School of Medicine in Atlanta, 
has been named director of the National 
Heart, Lung, and Blood Institute (NHLBI). 

Gibbons, 55, founded and directs a car- 
diovascular research institute at Morehouse 
that links basic science and health in minority 
populations. Gibbon’s own lab studies how 
genetic variation influences vascular biol- 
ogy and cardiovascular disease. He will join 
NHLBI this summer. 

The $3.1 billion NHLBI is the third- 
largest of the National Institutes of Health’s 
27 institutes and centers. NHLBI has not 
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The Rebounding of the Lark 


The critically endangered Raso lark (Alauda razae) lives on a single desert island in 
the Cape Verde Archipelago. Happily, the birds have undergone a remarkable boom 
over the past decade, according to a paper published online this week in Animal 
Conservation. Since 2004, the population of the birds has skyrocketed from 65 to 
1490— including a tripling in numbers last year alone—according to a team led by 
ornithologist Michael Brooke of the University of Cambridge in the United Kingdom. 
“It's unprecedented among birds,” Brooke says. The increase correlates with greater 
rainfall, which probably boosts the number of insects available to eat. 

Andy Symes of BirdLife International, who has reviewed the conservation status of 
the lark, calls the finding “fantastic news.” But he cautions that the population could 
easily fall if the island dries out again. Both he and Brooke recommend that a second 
population be established on a nearby island to help ensure that the species isn’t 


wiped out by an unlucky event such as severe drought, disease, or new predators. 


had a permanent director since Elizabeth 
Nabel left in late 2009 to head Brigham and 
Women’s Hospital in Boston. Gibbons was 
interested in the job 
because of his “inti- 
mate” familiarity 
with NHLBI—he’s 
a longtime grantee 
and adviser—and 
his commitment to 
“its legacy of doing 
discovery science 
that advances pub- 
lic health,” he says. 
He plans to update the institute’s strategic 
vision “with a renewed look that’s more 
timely and contemporary.” 


Gibbons 
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FINDINGS 
Huge Dust Devil Prowling Mars 


Earth may have terrifying tornadoes, but 
when it comes to dust devils, Mars has us 
beat. A camera onboard the Mars Recon- 
naissance Orbiter captured a swirling 
funnel of dust spinning up to an altitude 
of 20 kilometers. 

On Earth, tornadoes often reach such 
heights, but dust devils seldom reach more 
than a few hundred meters. That’s because 
dust devils only draw their energy from 
the solar heating of the surface; tornadoes 
also tap the heat energy from the conden- 
sation of water vapor in a tornadic storm. 

Mars is too dry for that, but the >> 
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Percentage of ongoing 
NASA missions—nine in total—that 
will be extended, according to its 
2012 senior review. 


Number of species 
that researchers, writing in System- 
atics and Biodiversity, say the eco- 
logical community should seek to 
inventory over the next 50 years. 


nN 
Majorana Fermions Found S 
Seventy-five years after Italian physicist a 
Ettore Majorana proposed their existence, Z 
ephemeral particles now known as Majorana rol 
fermions have been spotted by researchers. = 
The Research Will Go On: Spring Tides, Mirages, and Star Fields Oatine this Weck mi Seiente, 160 = 
Kouwenhoven and colleagues at Delft 
Ultimately, it was an iceberg that sank the Titanic on the night of 14 April 1912. But with the University of Technology and Eindhoven 
100th anniversary of the sinking of the ocean liner looming, several ideas have popped up University of Technology in the Nether- 
about how conditions on the north Atlantic Ocean might have helped set the stage for disaster. lands report that they spotted expected sig- 
In the April 2012 issue of Sky & Telescope magazine, physicists Donald Olson and Russell natures of Majorana fermions in specially 
Doescher, both of Texas State University in San Marcos, note that a powerful spring tide may designed transistors. In standard transistors, 
have helped push icebergs into the ocean liner’s path. On 4 January 1912, the moon—within applying a voltage to an electrode called a 
6 minutes of being full—was at its closest approach to Earth in 1400 years. The resulting increase gate turns on the flow of current between 
in tides may have not only enhanced the calving of Greenland glaciers, but also kept the icebergs two other electrodes. Previous theoreti- 
from running aground along the coasts of Labrador and Newfoundland. Instead, the researchers cal predictions suggested that if one of the E 
suggest, the icebergs drifted into the Labrador Current, reaching the shipping lanes by April. secondary electrodes was a superconductor, = 
British historian Tim Maltin, meanwhile, argued in a National Geographic special that aired and the current was allowed to flow through a 
8 April that an iceberg in the ship’s path might have been all but invisible to a lookout—thanks a special semiconductor nanowire under a gS 
to a “super-refraction,” a mirage resulting from the interaction of the cold Labrador Current magnetic field, the combination would force 2 
and the warm Gulf Stream waters. The resulting atmospheric conditions, he argued, would have electrons in the nanowire to behave collec- = 
created a false horizon that hid the iceberg from view. tively as if Majorana fermions were present a 


But at least one scientific detail has been nailed down—in last weekend's rerelease of James 
Cameron's 1997 blockbuster Titanic (in 3D). Prompted by a “snarky” note from astrophysicist 
Neil deGrasse Tyson, Cameron corrected the star field over the sinking ship to reflect what a 
passenger adrift in 1912 at that latitude and longitude would have actually seen. 


thinness of its air allows dust 
devils to soar, lofting dust high 
into the atmosphere between 
major dust storms. Some Mars 
scientists suspect dust devils 
generate enough static electric- 


cals that consume any organic 
matter—and any living thing— 
in martian soil. And dust devils 


ity to produce bleachlike chemi- 


at opposite ends of the wire. That’s exactly 
what Kouwenhoven’s team found. 

The old-yet-new particles are expected 
to have properties that make them ideal for 
constructing a quantum computer (Science, 
8 April 2011, p. 193). When you move two 
Majorana fermions with respect to one 
another, they essentially “remember” their 
former position, a property that could be 
used to encode data at the quantum level. 
Kouwenhoven’s group hasn’t spotted that 
signature yet, but they’re on the hunt now. 
http://scim.ag/majferm 


Science [7a 


Join us Thursday, 19 April, at 3 p.m. EDT 
for a live chat with experts on how deep 
wastewater injection is triggering 


can also lend NASA a hand; 
they occasionally blow the dust 
off a rover’s solar cells. 


earthquakes around the country. 
http://scim.ag/science-live 


A martian dust devil, 
20 kilometers high. 
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EUROPEAN DEBT CRISIS 


Research Cuts Will Cause 
‘Exodus From Spain 


Spanish scientists had ample warning that 
they were facing a tough funding year ahead. 
But last week’s announcement that the long- 
delayed 2012 national budget would slash the 
funding for science by more than 25% sur- 
passed their worst predictions. 

According to the Confederation of Span- 
ish Scientific Societies’s (COSCE’s) analy- 
sis of the budget, carried out since it was 
presented to the Spanish Parliament on 
3 April, the national government will allo- 
cate €6.40 billion to scientific investiga- 
tion, development, and innovation in 2012. 
Of that, €5.64 billion will be for 
civil research—a 25.6% decrease 
compared with last year’s budget. 
The remaining €757 million will 
be spent on military research— 
a 24.9% drop from 2011. The 
overall 25.5% cut is “the most 
drastic cut known” since national 
research programs were put in 
place in the late 1980s, COSCE 
said in a press statement. COSCE 
is also concerned because in 
recent years the government has 
not even paid the full amount 
allocated in the science budget. 

The budget cut “is much worse 
than expected, and that is despite 
all the mobilizations, statements, 
and calls of alert from the scien- 
tific community,” says Francisco J. 
Hernandez Heras, a Spanish neu- 
roscience postgrad at the Univer- 
sity of Cambridge in the United 
Kingdom. In January, just a few 
days after the government announced a pack- 
age of austerity measures that anticipated a 
€600 million cut in the 2012 science budget, 
Hernandez Heras initiated a petition for Span- 
ish taxpayers to allocate part of their taxes to 
science as a way of making up the lost money. 
Protests from the scientific community culmi- 
nated in an open letter to the government and 
Parliament on 27 March from COSCE, the 
Conference of Spanish University Chancel- 
lors, the grassroots organization Investigacion 
Digna, the Federation of Young Investigators, 
and major trade unions. 

The letter, which garnered the sup- 


€ (millions) 
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port of more than 50 additional organiza- 
tions and 26,700 researchers, warned that 
the anticipated cut—which turned out to be 
much smaller than the actual cut—‘would 
cause considerable long-term damage to the 
already weakened Spanish research system, 
contributing to its collapse.” By applying a 
25% cut to science, compared to the 16.9% 
average across all ministries, “the Govern- 
ment has not only ignored the scientific com- 
munity but tried to annihilate it,” says Amaya 
Moro-Martin, a spokesperson for Investig- 
acion Digna. 


Overall R&D Funding Totals in Spain 


easiest -g 4.12% 


cavaubcecenedog 7.38% 
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*2012 R&D Budget still being debated in Parliament 


€2.12 billion last year. Of that money, the 
chunk of the competitive funding for basic 
research projects, scientific training, post- 
doctoral hiring, and scientific infrastructure 
is to be cut by 38% to €451 million in 2012. 
“This reduction of competitive funding is in 
my view the most dangerous evolution of the 
budget,” says Luis Sanz-Menéndez, direc- 
tor of the CSIC Institute of Public Goods and 
Policies in Madrid and chair of the Commit- 
tee for Scientific and Technological Policy of 
the Paris-based Organisation for Economic 
Co-Operation and Development. “Such a big 
reduction ... is damaging the most dynamic 
part of the system.” 

That decision has already been made for 
the flagship Juan de la Cierva postdoctoral 
fellowships and the Ramon y Cajal contracts, 
which are the closest equivalent to tenure- 
track positions in Spain. Altogether, their 
number will decrease by 43% to 340. Young 
researchers are hit especially 
hard, with the government also 
announcing in December that no 
new permanent positions would 
be created in the public research 
institutes, not even to fill positions 
left vacant by retirement. This 
will prompt “an exodus of several 
researcher generations,” warns the 
Federation of Young Investigators. 

After absorbing deep cuts 
in previous years, the pub- 
lic research institutes are rela- 
tively spared this year with a 
3.5% reduction in government 
funding for salaries and part of 
their running costs. But the large 
decrease in competitive grants 
for research teams will indirectly 


2005 2006 2007 2008 2009 2010 2011 


Past the peak. Spanish science minister Carmen Vela Olmo (center) has 
presented a science budget that takes funding back to nearly 2006 levels. 


Secretary of State for Research, Devel- 
opment, and Innovation Carmen Vela Olmo 
tried to reassure scientists. Under the Span- 
ish research funding system, a large sum— 
€2.3 billion in 2012—is earmarked for loans 
to companies to carry out R&D. Although 
this sum was cut by 28.5% compared to last 
year, this should be “less damaging,” Vela 
stated, because more than half the fund was 
unused last year. 

But scientists are especially concerned 
about the €1.64 billion allocated as lump 
sums to public research institutes and com- 
petitive grants to research teams—down from 
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result in less money entering 
universities to pay for overhead 
costs, Sanz-Menéndez says. 
Although universities are mainly 
supported by the regional gov- 
ernments, austerity measures at the federal 
level will also create “serious problems,” 
Sanz-Menéndez adds. “We will probably 
witness also reductions” in the regional gov- 
ernment funding of universities. 

“The whole country is suffering a terrible 
financial and economic crisis, then it would 
be naive to believe that [science] will be pro- 
tected in an environment where you have 
5 million unemployed people, ... reductions 
in the health system, or in other ... public 
services,” Sanz-Menéndez says. He encour- 
ages scientists to try to promote a more selec- 
tive and competitive allocation of funds and 


2012* 
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greater internationalization of Spanish sci- 
ence. “There is a chance to make reforms and 
change the functioning of the system.” 

But most scientists are disappointed. A 
leitmotiv in public statements of both this and 
the previous government has been the need 
to switch from a construction and tourism- 
based economy toward a knowledge-based 
one. The budget is “illogical” because it goes 


EUROPEAN DEBT CRISIS 


in the opposite direction and is “irresponsi- 
ble because it will have lethal consequences 
in the short- and in the long-term, not only 
for Spanish science but [also] for the Span- 
ish economy,” says Moro-Martin, who is a 
Ramon y Cajal researcher at the Center for 
Astrobiology near Madrid. 

The battle is not over yet, however. Bud- 
get figures could be adjusted by amend- 


ments in Parliament. “In fact, last week the 
[opposition party] presented a [proposal] in 
order to consider R&D as a strategic objec- 
tive and work towards a global agreement to 
save R&D,” says COSCE President Carlos 
Andradas Heranz, a mathematician at the 
Complutense University of Madrid. “But the 
actual numbers do not invite [optimism].” 
—-ELISABETH PAIN 


Greece Eyes CERN, ESA Cuts to Plug Budget Gap 


To plug a €10 million hole in its science bud- 
get while avoiding the closure of domestic 
research centers, Greece has begun renegoti- 
ating its subscriptions to and memberships in 
international organizations, notably the Euro- 
pean Space Agency (ESA) and the CERN par- 
ticle physics laboratory near Geneva, Switzer- 
land. It aims to reduce, or at least partly defer, 
its annual payment to CERN and may leave 
the lab altogether if it is unable to do so. 

The government announced 
the €10 million cut on 6 March 
as part of a broader reduction in 
Greece’s debt demanded by the 
troika of the European Union, 
the European Central Bank, 
and the International Monetary 
Fund. The money will be sliced 
from the roughly €80 million 
budget of the education min- 
istry’s general secretariat of 
research and technology. That 
budget accounts for a big chunk 
of Greece’s total research spend- 
ing, which amounts to only 0.6% 
of gross domestic product—a far 
smaller share of national wealth 
than most other European Union 
countries (1.85% on average). 

Research secretary Konstan- 
tinos Kokkinoplitis decided ini- 
tially that the savings should 
come from the country’s 11 
national research centers, which together 
account for some €55 million of his budget. 
These centers, however, had already experi- 
enced a 30% cut in funding over the previ- 
ous 2 years. According to Costas Synolakis, 
president of the Hellenic Center for Marine 
Research in Anavyssos, just south of Athens, 
any additional squeeze would mean closing 
centers for the last few months of the year; 
staff members cannot legally be fired or have 
their salaries reduced. Like many other Greek 
scientists, Synolakis believes that if cuts 
to research have to be made, then interna- 


tional subscriptions—roughly €27 million in 
total—will have to be reduced. 
Kokkinoplitis is negotiating with ESA to 
pay up to €6 million of Greece’s €14 mil- 
lion 2012 subscription in 2013, and he hopes 
to secure a similar deal with CERN. He met 
with the directors of Greece’s 11 research 
centers in mid-March, and most of them, 
Synolakis says, “agreed that Greece needs to 
be part of CERN.” However, Synolakis adds, 


everyone present also agreed that “if it comes 
to the survival of the centers, the contribution 
to CERN will need to go or be substantially 
reduced. ... It is sad, but it came to that.” Says 
Kanaris Tsinganos, director of the National 
Observatory of Athens: “It would be weird to 
close the research centers and pay all of these 
international subscriptions.” 

After meeting with the research cen- 
ter directors, Kokkinoplitis wrote to CERN 
Director General Rolf-Dieter Heuer, saying 
that if he cannot reduce the €14.7 million that 
Greece needs to pay the lab in 2012, then the 


country may have to pull out entirely. He then 
traveled to Geneva on 27 March and, he says, 
discussed the possibility that Greece would 
defer some—perhaps 50%—of this year’s 
payment and then pay the balance next year 
or the year after. 

However, Petros Rapidis, a particle phys- 
icist at the National Center for Scientific 
Research in Athens and Greece’s scientific 
representative on CERN’s council of member 
states, questions whether the country would 
be able to make good on any deferred pay- 
ments. He points out that when in difficulty 
in the past, Greece has always reduced, rather 
than merely deferred, its contribution. Indeed, 
council documents show that for most of its 
58-year membership in CERN (Greece was 
one of the founding members), the country 
has not paid its full dues. Like every other 
member state, its contribution is tied to its 
gross national product, but often it has paid 
50% or less of its share. 

Such special treatment has required 
repeated approvals by at least two-thirds 
of CERN’s member states. But that may 
be more difficult this time, Rapidis says. 
“Kokkinoplitis will have a hard time because 
eastern European countries such as Bul- 
garia, Hungary, and Slovakia are not asking 
for any special arrangement,” he says. 

Greece is not the only country having diffi- 
culty paying its CERN membership. In 2011, 
Belgium, Italy, and Portugal all failed to pay 
up fully by the end of the year, and half of 
Spain’s roughly €80 million contribution for 
2011 is still outstanding. However, according 
to Carlos Pajares, a particle physicist at the 
University of Santiago de Compostela and 
the Spanish scientific representative on the 
CERN council, Spain should meet about 90% 
of its obligation for 2012, despite huge cuts in 
research funding in general (see p. 139), and 
the remainder will perhaps be diverted from 
separate funding on accelerator R&D. 

—-EDWIN CARTLIDGE 
Edwin Cartlidge is a writer based in Rome. 
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MARINE SCIENCE 


Ocean's Deep, Dark Trenches to Get 
Their Moment in the Spotlight 


Like Captain Ahab’s white whale, deep-sea 
trenches have lured explorers for decades, tan- 
talizing them with glimpses of an ecosystem 
shrouded in darkness. The latest to attempt 
to pierce the gloom, movie director James 
Cameron, last month took his privately built 
one-man submersible 10,000 meters down 
to the deepest point on Earth: the Challenger 
Deep in the Pacific Ocean’s Mariana Trench. 
Although Cameron’s journey to the abyss 
yielded little new scientific data, it whetted 
the public appetite for information about life 
in the otherworldly environments of deep-sea 
trenches. An international group of marine 
scientists may soon provide a feast of such 
data, from the first major systematic study of 
a deep-sea trench. 

If all goes as planned, early next year a 
3-year project dubbed HADES (Hadal Eco- 
system Studies) will take its inaugural plunge 
into the Kermadec Trench, a 10,000-meter- 
deep gash off the northeast coast of New 
Zealand. There, a team headed by deep-sea 
ecologist Timothy Shank of the Woods Hole 
Oceanographic Institution (WHOD) in Mas- 
sachusetts will use robotic tools to try to 
answer some long-standing questions about 
the origin, evolution, and distribution of life 
in the trenches. In particular, the team— 
which includes collaborators at universities 
in the United States and United Kingdom, 
the National Institute of Water and Atmo- 
spheric Research in New Zealand, and the 
U.K.’s National Oceanography Centre—will 
focus on the hadal zone, between 6000 and 
11,000 meters down. “It’s our first look at an 
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ecosystem,” Shank says. “This is terra incog- 
nita in some ways.” 

Earlier trench research efforts, starting in 
the late 1940s, were limited to dragging nets 
and dredges to collect samples (see Perspec- 
tive, http://scim.ag/RALutz). HADES sci- 
entists, however, will use a broad array of 
more capable tools, including WHOI’s hybrid 
remotely operated vehicle Nereus, which can 
sample broad swaths of ocean while operating 
autonomously or tethered to a ship. They’ll 
also have “hadal landers”—baited traps and 
cameras that freefall to the bottom, record 
data, and float back to the surface—and 
devices that can measure the physiology of 
deep-ocean creatures. “We're not blindly tow- 
ing a net behind a ship [anymore],” says Jef- 
frey Drazen, a physiological ecologist at the 
University of Hawaii, Manoa. 

Drazen and his colleagues will need all 
these tools to study a habitat no longer viewed 
as a kind of cold storage where barely any- 
thing happens. Past studies have shown 
that trenches are geologically and biologi- 
cally active. Formed when a denser tectonic 
plate sinks beneath a lighter one, they harbor 
seeps, seamounts, and mud volcanoes, and 
are even influenced by the moon. Those tidal 
cycles challenge “the notion that the deep 
sea is a constant environment,” says marine 
biologist Alan Jamieson of the University 
of Aberdeen in the United Kingdom. He is 
studying whether and how cockroach-sized 
crustaceans called amphipods sense those 
daily pressure changes. “They may well be 
entrained to a tidal cycle [even though] they 
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Deep-sea feast. A baited camera attracts snailfish 
(left) and amphipods (above). 


don’t know what the moon is,” he says. 

Scientists are also “learning that a lot of 
things accumulate in trenches: food, carbon, 
chemicals, and even our trash,” says WHOI’s 
Shank. Researchers have found everything 
from plastic raincoats to evidence of a Hol- 
stein dairy cow. 

The Kermadec expedition will also exam- 
ine how animals deal with the high pressures 
in the deep sea. Marine animal physiologist 
Paul Yancey of Whitman College in Walla 
Walla, Washington, will focus on one of these 
adaptations: organic compounds called piezo- 
lytes. In organisms that live in shallower seas, 
these molecules help regulate cellular water 
content. But Yancey discovered that they 
also defend some deep-sea animals against 
high pressures. So far, researchers have only 
studied piezolytes in fish found down to 
4900 meters and crustaceans and sea cucum- 
bers down to 2900 meters. No one knows how 
the molecules function, or how concentrated 
they are, in animals at nearly 10,000 meters. 

The University of Hawaii’s Drazen 
intends to study how food availability in the 
trench affects metabolism. Fine organic par- 
ticles drift down from surface waters and are 
funneled into trenches, settling along their 
deepest points. That means the food supply 
likely increases with depth in trenches, and 
HADES researchers suspect that if food sup- 
ply determines an organism’s metabolic rate, 
then animals along the trench’s axis will have 
higher rates than ones farther away. They’ll 
test that idea by deploying respirometers, 
chambers that measure an organism’s oxy- 
gen consumption, along the Kermadec’s 
1200-kilometer axis. The researchers will use 
Nereus’s “slurp gun” and robotic arm to catch 
creatures “and plop them into these cham- 
bers” for testing, Drazen says. 

Nereus will also conduct systematic 
video surveys of organisms across and along 
the trench. The Kermadec sits in a produc- 
tive ocean, researchers note, in contrast to 
the Mariana Trench’s relatively nutrient-poor 
waters. That’s one reason much of the past 
“deep work, from a biological point of view, 
has been done in Kermadec,” Jamieson notes 
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—and why researchers wanted to return in 
force. Although scientists already “have an 
idea of who’s there, ... we don’t know how 
they interact with each other,” Shank says. 
Ultimately, the HADES team hopes to com- 
pare the Kermadec data with older informa- 
tion collected on adjacent, but shallower, 
habitats called abyssal plains. 

Researchers also hope to figure out how 
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animals got into trenches in the first place. 
One hypothesis is that Antarctic bottom water 
flowed into Pacific Ocean trenches, bringing 
animals along with it, Shank says. Over mil- 
lions of years, tectonic activity isolated the 
trenches, trapping animal populations and 
leaving them to follow their own evolutionary 
paths. Genetic testing of Kermadec creatures 
could help clarify their history. 
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Although HADES is currently funded for 
work in just one trench, researchers are hop- 
ing to dig deep into other hadal trenches. 
“Trenches are isolated, so what happens at 
one doesn’t necessarily happen at another,” 
Aberdeen’s Jamieson says. HADES research- 
ers would like nothing more than to spend 
the next decade wandering the globe, peer- 
ing into the gloom. —JANE J. LEE 


Sleep Study Suggests Triggers for Diabetes and Obesity 


Late nights in the lab, early morning com- 
mutes from the suburbs, Angry Birds video- 
game marathons into the wee hours—the 
demands and distractions of modern life are 
stealing our sleep and perhaps robbing us of 
our health. The longest sleep-limitation study 
to date, published in Science Translational 
Medicine (http://scim.ag/OMBuxton), found 
many people are on sleep and work schedules 
that prime them for diabetes and obesity. 

Evidence for deleterious effects of reduced 
sleep, including a shorter life span, 
has come largely from epidemio- 
logical studies. Although rarer, 
sleep-intervention studies have 
begun to suggest physiological 
mechanisms that might account 
for such findings. Two years ago, 
for example, neuroscientist Orfeu 
Buxton of Brigham and Wom- 
en’s Hospital in Boston and col- 
leagues showed that young men 
who underwent just a week of 
reduced sleep had lower respon- 
siveness to the hormone insulin, a 
decline that is a hallmark of type 
2 diabetes. 

Our 24/7 society can disrupt 
our schedules in another way. Humans evolved 
to be active during the day. Light calibrates the 
central circadian pacemaker, the body’s mas- 
ter clock in the brain. In turn, it helps harmo- 
nize molecular clocks in individual tissues so 
that our physiology and behavior mesh—we 
get hungry in the morning, for instance, and 
feel drowsy at night. Studies have suggested 
that upsetting these circadian rhythms triggers 
a range of health problems. That’s potentially 
bad news for people who have night jobs or 
are on rotating shifts, which require them to 
change work hours frequently; they often have 
to contend with inadequate sleep and discom- 
bobulated circadian cycles. 

In their latest sleep study, Buxton 
and colleagues gauged the physiological 
impact of this double whammy. For nearly 
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6 weeks each, 21 study subjects lived in 
the equivalent of a hotel suite in the hospi- 
tal’s Boston research lab. After storing up 
on sleep, these people spent 3 weeks on a 
regimen in which they could sleep for only 
5.6 hours in each 24-hour period. Like 
rotating shift workers, they went to bed at 
varying times. To throw off their circadian 
rhythms, the light-dark cycle in the facility 
lasted 28 hours rather than the usual 24. And 
to prevent these rhythms from resetting, the 


Asleep to the risk? 
Hectic life schedules 
could harm health. 


researchers kept light levels at the equivalent 
of twilight or dimmer. 

So how did the participants, who went 
more than a month without Internet access, 
TV, or contact with anyone outside the facil- 
ity, cope with these conditions? “Our general 
impression is that people aren’t always their 
kindest selves when they are sleep restricted,” 
Buxton tactfully notes. 

Their metabolism also wasn’t at its best. 
The amount of glucose in each person’s blood 
shot up, with three people reaching levels 
that researchers term prediabetic. “Over 
time, much higher glucose levels like that 
would be expected to be unhealthy,’ Buxton 
says. The team identified the likely reason: 
The pancreas released less insulin, the hor- 
mone that spurs cells to absorb sugar. Three 
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weeks of scant sleep and low light levels led 
to another potentially harmful change: Rest- 
ing metabolic rate, a measure of energy use, 
fell by 8%. Over a year, that decrease would 
translate into a weight gain of nearly 6 kilo- 
grams, the team estimated. 

These new findings are important 
because they detail “some potential path- 
ways by which sleep and circadian disrup- 
tion can lead to obesity and diabetes,” says 
sleep researcher Michael Grandner of the 
University of Pennsylvania. 

After a 10-day recovery period 
during which the participants 
stayed in the lab but slept for 
10 hours a night and were on a nor- 
mal light-dark cycle, insulin secre- 
tion and glucose levels returned to 
normal. “Happily, the effect was 
reversible in our study,” says clini- 
cal physiologist and co-author 
Steven Shea, also of Brigham and 
Women’s Hospital. “But if you 
have years of that [disruption], it 
may be tougher to reverse.” 

The next step, Buxton says, 
is to go beyond lab studies: “My 
interest is free-range humans.” 
For example, Shea says, it might be fruitful to 
test blood samples from workers whose shift 
times change frequently to determine whether 
their glucose and insulin status mirror those in 
the sleep study. 

Sleep epidemiologist James Gangwisch 
of Columbia University Medical Center in 
New York City suspects that the sleep study 
doesn’t reflect reality, however: “I’m not sure 
too many people are exposed to such extreme 
shifts in their circadian rhythms.” 

Nevertheless, he and Grandner agree 
that the findings from Buxton’s team offer 
a cautionary message. “We live in a culture 
that prides itself on how little sleep we can 
get by on,” Grandner says. “This study pro- 
vides more evidence this is not a healthy 
way of living.” —MITCH LESLIE 
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Could the parasite behind onchocerciasis, better known as river blindness, also 
explain the odd “nodding” seizures in a growing number of African children? 


IN 1959, TROPICAL-DISEASE EXPERT 
Louise Jilek-Aall started working as a phy- 
sician in Mahenge, a town in a mountainous 
and isolated area of southern Tanzania. She 
soon encountered an “astonishing” number 
of people suffering from epilepsy. As she 
investigated further, the mothers of some 
of the most severe cases told her their chil- 
dren were normal until they were around 
4 or 5 years old, when they began to have 
seizures characterized by repeated down- 
ward movements of their heads. Jilek-Aall 
says the residents had a specific word for 
the condition, which translated literally as 
“nodding the head.” 

Early on, children with the nodding 
seizures still led a somewhat typical life. 
They “were running around, playing with 
other children. They were not discrimi- 
nated against at all,’ recalls Jilek-Aall, who 
founded an epilepsy clinic in Mahenge in 
1960. By the time they reached puberty, 
however, they grew sicker. “They became 
listless. They were not eating well,’ and they 
suffered a noticeable decline in intelligence, 
she says. “Then one day, the usual grand mal 
seizures would start,” and the children would 
develop a form of full-blown epilepsy. 

At that point, their prospects were grim. 
People with epilepsy were feared as possi- 
bly contagious, Jilek-Aall says: “They were 
shunned by the others. Some of them died 
of maltreatment.” The numbers were hard 
to determine, however. At the time, she says, 


a 


the people in Mahenge had very traditional 
beliefs, and it was taboo to discuss someone 
who had died. 

Jilek-Aall, now a professor emeritus at the 
University of British Columbia, Vancouver, 
in Canada first described the nodding sei- 
zures in a 1964 paper. For many years, West- 
ern colleagues doubted or dismissed her 
reports, but no more. An apparent outbreak of 
a similar nodding syndrome in Uganda and 
southern South Sudan over the past few years 
has attracted many more researchers, includ- 
ing teams from the U.S. Centers for Disease 
Control and Prevention (CDC) and the World 
Health Organization (WHO), to look for pos- 
sible causes. They are chasing several sus- 
pects, including a parasitic worm, but so far 
there’s no proven culprit. 

The world media has also become fas- 
cinated, showing videos of children nod- 
ding their heads uncontrollably or staring 
vacantly as if in a trance, a state that often 
follows the head-nodding attacks. Because 
food seems to trigger the attacks, many can’t 
eat properly and quickly lose weight. Gradu- 
ally, they become more and more disabled. 
News accounts have described how families 
tie their children to trees so that they don’t 
wander off or fall into fires or rivers. Yet 
many do have deadly accidents; others die of 
malnutrition or secondary infections. 

How many children are affected in Uganda 
and South Sudan, as well as the exact geo- 
graphic scope of the problem, are unclear. 


Desperate measures. Some 
children with nodding disease 
are restrained to prevent them 
from injuring themselves or 
wandering off. 


The Ugandan ministry of 
health has said that at least 
3000 children there have 
nodding disease. In South 
Sudan, cases have been 
reported in six counties. 
The pattern of reports sug- 
gests the syndrome may 
be spreading, but no one 
has systematically sur- 
veyed the entire area, and 
accurate counts are diffi- 
cult to achieve. 

The condition has 
become a prominent issue 
in Uganda’s volatile poli- 
tics, exacerbated by long- 
standing tensions between 
the northern regions and 
the central government in 
Kampala. Legislators have 
had heated debates over special funds to help 
nodding syndrome patients. And President 
Yoweri Museveni made two visits in March 
to health centers in the north that treat nod- 
ding syndrome patients. He pledged that 
he would defeat the disease just as he had 
defeated rebel warlord Joseph Kony and his 
Lord’s Resistance Army, which terrorized 
northern Uganda for more than a decade. 

But without a clear explanation of the 
condition’s cause or effective treatments, that 
will be no easy task. 


A new phenomenon 

Northern Uganda and the southern tip of 
South Sudan are notoriously difficult places 
to live. Both regions have been torn by 
decades of civil war. In northern Uganda, 
tens of thousands of children were kidnapped 
and pressed into service in Kony’s army. A 
series of Sudanese civil wars, which culmi- 
nated in South Sudan’s independence last 
July, displaced an estimated 5 million peo- 
ple and killed 2.5 million. Malnutrition and 
a host of endemic diseases are widespread. 
Health services are scarce. 

A head-nodding syndrome similar to 
the one Jilek-Aall had described in Tanza- 
nia in the 1960s began showing up in South 
Sudan in the early 1990s. Then, in 2009, 
increasing numbers of children with head- 
nodding seizures began to draw the atten- 
tion of health officials in northern Uganda. 
Residents in the area said they had never 
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before seen such behavior. Ugandan offi- 
cials asked CDC for help. 

CDC researchers were puzzled, says Scott 
Dowell, a pediatric infectious disease spe- 
cialist who directs CDC’s Division of Global 
Disease Detection and Emergency Response. 
When the call went out for qualified groups 
to help, “everyone said, ‘This is really fasci- 
nating, but it’s definitely not one of ours,’” he 
recalls. Dowell’s usual job is to coordinate the 
logistics for the experts responding to vari- 
ous outbreaks, but since there weren’t yet any 
experts on nodding disease, he says, “I had the 
chance to go myself.” 

Dowell helped assemble a team that 
included epidemiologists, toxicologists, nutri- 
tion experts, and neurologists from CDC, 
WHO, and the Ugandan ministry of health. 
The researchers conducted a variety of stud- 
ies, including electroencephalography (EEG) 
and magnetic resonance imaging (MRI) of 
patients’ brains, sometimes during seizures. 
The team went in “with an open mind” about 
whether the nodding might be a muscular dis- 
order or even a behavioral syndrome, Dowell 
says. But patients’ brain-wave activity on the 
EEGs “made it quite clear that [head nodding] 
was a seizure,” and that most patients had 
ongoing seizure activity typical of epilepsy. 
The MRI scans added more evidence. “Some- 
thing is badly wrong with the brains of these 
kids, and it’s physiological,” he says. 

The researchers came together two more 
times in Uganda, and in May last year they 
visited South Sudan to investigate recent 
cases there. But they haven’t yet figured out 
what is causing the condition. When WHO 
experts investigated a cluster of nodding dis- 
ease cases in southern Sudan between 2001 
and 2003, their early guesses for a cause 
included leftover munitions, measles, donated 
seeds treated with pesticides that were eaten 
instead of planted, donated food that might 
have been contaminated with toxic fungus, 
and even consumption of monkey meat. None 
of those turned out to be a clear culprit, says 
Abdinasir Abubakar, head of communicable 
disease surveillance and response for WHO 
in South Sudan. The region affected by nod- 
ding syndrome has actually received less food 
aid than other areas. “This is the bread bas- 
ket of the country,” he says. And comparisons 
of children with nodding syndrome and their 
healthy peers found no association with eating 
donated food, Dowell says. 

Exposure to munitions doesn’t seem to 
be the cause, either. There were other regions 
where fighting and bombardments were 
much heavier, Abubakar says, and “they have 
no sign of nodding disease.” The South Sudan 
and Ugandan cases of the syndrome do seem 
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Geographic puzzle. Areas affected by nodding 
disease. 


to have a geographic component, however. 
They are concentrated in a few relatively 
small areas. And previously healthy chil- 
dren who are forced to move to those areas 
by fighting suddenly become vulnerable to 
the syndrome. An influx of displaced fami- 
lies into affected locales is one likely reason 
the number of cases has gone up recently, 
Abubakar says. 

The researchers have tested for a host 
of viruses, says CDC neuroepidemiologist 
James Sejvar, another team member. All tests 
have turned up negative. And although prion- 
triggered brain damage, perhaps due to eating 
monkey meat, has been floated as a possibil- 
ity, the condition doesn’t look like a typical 
prion disease, Sejvar says. 

One environmental factor still on the table 
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Ray of hope. Louise Jilek-Aall and her colleagues have treated thou- 
sands of epilepsy patients at the clinic she founded in Mahenge, 
Tanzania. Her autobiography, Call Mama Doctor, describes her half- 


century of work in the region. 
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is vitamin B-6 deficiency. A recently dis- 
covered genetic condition that prevents 
| the body from processing B-6 causes a 
_/ particularly severe form of epilepsy that 
doesn’t respond to the usual antiepilep- 
tic drugs, Dowell says. The association with 
nodding syndrome isn’t perfect: It isn’t always 
children with the lowest levels of B-6 who 
have the symptoms, he says. But the clue is 
strong enough that the CDC team plans to dis- 
tribute high-dose vitamin B-6 supplements as 
part of a proposed clinical trial to find a treat- 
ment. That trial still needs approval from ethi- 
cal oversight committees in the United States 
and Uganda, Sejvar says, but the researchers 
aim to start recruiting participants this sum- 
mer, ultimately enrolling 80 children. One 
group would receive the high-dose B-6 sup- 
plement; other participants would receive one 
of two antiseizure medications or a placebo. 


Fear the worm 

What that clinical trial won’t address is the 
other leading hypothesis for the cause of nod- 
ding disease: an infection with the parasitic 
worm Onchocerca volvulus. The parasite is 
endemic in the regions that report nodding 
disease, and studies in Uganda and South 
Sudan have found that infection with the para- 
site is significantly more common in people 
with nodding syndrome than in their unaf- 
fected peers. Still, the O. volvulus connection 
isn’t clear-cut. “The puzzling thing is that [the 
parasite] is widespread, but nodding is not,” 
Dowell says. However, he says, the associa- 
tion “won’t go away, even though people keep 
saying it doesn’t make sense.” 

O. volvulus is no stranger to tropical- 
disease experts. It causes onchocerciasis, 
more commonly known as river blindness. 
Black flies, which breed 
in fast-flowing rivers, 
transmit O. volvulus’s 
larval worms, which 
take up residence under 
the skin of black fly bite 
victims and grow to 

adulthood. The adult 
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worms produce microfilariae, which reside 
mostly in the skin and connective tissue but 
are also sometimes found in blood, urine, and 
the eye. Microfilariae can damage eye tis- 
sue so severely that untreated infections can 
cause blindness. An international eradication 
campaign launched in 1974 has eliminated 
the parasite from large swaths of west Africa, 
but it persists in 27 countries in sub-Saharan 
Africa and six in Latin America. 

Those who study river blindness have had 
a long-running debate over whether infection 
with the parasite might also cause epilepsy. 
Jilek-Aall says she suspected for years that the 
region’s unusually high rate of epilepsy and 
onchocerciasis were connected, but it took 
10 years before she and Erich Schmutzhard, 
a neurologist and tropical-medicine special- 
ist at the University of Innsbruck, were able to 
address the question directly. Given the 
international efforts to eradicate river 
blindness, Schmutzhard says, many 
grant reviewers asked, ““Why should we 
fund studies of a dying disease?” 

Finally, in 2005, armed with funds 
from the Savoy Epilepsy Founda- 
tion in Canada and private donations, 
the researchers carefully categorized 
62 Tanzanians with head-nodding 
seizures—the most thorough study to 
date of the disorder. Some had only head 
nodding; others had more severe epi- 
lepsy with other types of seizures. They 
analyzed blood and cerebrospinal fluid 
(CSF) from most of the patients. A sub- 
set traveled the 16-hour journey to Dar 
es Salaam, where they underwent MRI 
and EEG analysis. 

The researchers reported in 2008 in 
Epilepsia that 43 of 51 patients tested either 
had microfilariae in their skin or tested 
positive for O. volvulus DNA using PCR. 
A positive PCR test was also weakly asso- 
ciated with brain lesions that showed up on 
the MRI scans. However, PCR tests on the 
CSF showed no traces of the parasite’s DNA. 
The researchers concluded that the parasite 
could be involved in the head nodding but 
probably wasn’t invading the central ner- 
vous system directly. 

The hypothesis took a blow, however, 
when a follow-up study involving 300 indi- 
viduals in Tanzania, published in 2010 in 
Parasitology, found no correlation between 
the intensity of O. volvulus infection and epi- 
lepsy. (About a third of the epilepsy patients 
in the study had head-nodding seizures.) 
That was enough to persuade Schmutzhard 
that nodding disease remains unexplained. 
Based on current evidence, he says, “oncho- 
cerciasis does not cause epilepsy.” 


But Jilek-Aall is not so sure. The studies 
failed to find a definitive link between oncho- 
cerciasis and nodding, but they don’t rule it 
out either, she says: “I am convinced that 
somehow it is connected.” Andrea Winkler, 
a neurologist at the Technical University of 
Munich in Germany who was corresponding 
author on both studies, agrees that the issue 
isn’t settled. “We have not eliminated the 
possibility” that O. volvulus plays an indi- 
rect role, she says. 

Other researchers who have seen similar 
cases of head nodding also suspect the worm. 
In 1998, pediatric neurologist Christoph 
Kaiser, now based in Baden-Baden, Ger- 
many, and his colleagues reported that at least 
15 of the 91 epilepsy patients they studied in 
the Kabarole district in Western Uganda had 
head-nodding seizures. The evidence that 


Inexplicable. James Sejvar (left) of CDC and Abdinasir Abubakar of 
WHO examine a child with nodding syndrome in South Sudan. 


onchocerciasis can trigger epilepsy is per- 
suasive, Kaiser says, but proving the connec- 
tion has been difficult, in part because many 
studies simply check for microfilariae in the 
skin. Ivermectin, the drug distributed as part 
of the ongoing treatment campaigns, elimi- 
nates microfilariae, he says, but “the damage 
to the brain persists.” 

There are several ways that O. volvulus 
infections could damage the brain. In espe- 
cially intense infections, the microfilariae 
reach the bloodstream, says parasitologist 
Michel Boussinesq, who studies onchocercia- 
sis at the University of Montpellier in France, 
and in Cameroon. From the bloodstream, he 
says, they could enter the brain and cause 
damage directly. The lack of evidence for 
the parasite in the Tanzanian patients’ spinal 
fluid argues against that, Boussinesq admits, 
but he says a definitive answer would come 
from autopsies of those who die with nodding 
disease. Although autopsies are difficult in 


hot climates and many places in Africa have 
local taboos against disturbing the dead, such 
patient autopsies “are being attempted” in 
northern Uganda, Sejvar says. 

Another possibility is that infection with 
O. volvulus triggers an autoimmune reac- 
tion. Antibodies produced to fight the para- 
site could also attack brain cells. There is 
evidence, Winkler notes, that antibodies for 
O. volvulus can cross-react with retinal cells. 
It is also possible that subtypes of the para- 
site could explain why head-nodding seizures 
seem to affect only certain regions. Win- 
kler notes that it is widely accepted that the 
“savanna type” O. volvulus causes blindness 
more often than the “forest type,” which pri- 
marily causes skin symptoms. 

The most likely explanation for the dis- 
ease, say several of the scientists chasing the 
disorder, is a combination of factors. 
Malnourished children deficient in vita- 
min B-6 might be particularly suscep- 
tible to neurological symptoms when 
they are infected with O. volvulus, for 
example. “Epilepsy is very often multi- 
factorial,” Boussinesq says. “Onchocer- 
ciasis could be a needed factor but not 
sufficient to provoke the condition.” 

New clues could come from blood 
and urine samples that the CDC team 
collected from patients in South Sudan 
and Uganda. They are almost done 
assessing vitamin levels, possible 
heavy-metal exposure, traces of thio- 
cyanates (a sign of low-level cyanide 
poisoning due to eating improperly 
prepared cassava), and genetic mark- 
ers among patients and healthy con- 
trols. More comprehensive surveys of 
where and how many children have nodding 
syndrome are also planned in both Uganda 
and South Sudan. That should give a better 
picture of whether and how the syndrome 
is spreading. 

One crucial problem, Abubakar says, 
is that nodding syndrome, as terrible as it 
is for the people and communities that are 
affected, is only one of many competing 
health emergencies in the region. In South 
Sudan, already overstretched health workers 
are also dealing with ongoing armed clashes 
and an acute outbreak of kala azar, or leish- 
maniasis, which has infected at least 22,000 
people and killed nearly 1000 since late 
2009. He says he hopes the recent publicity 
surrounding nodding syndrome will attract 
more researchers to the region. “I hope the 
advocacy and media might inspire some 
more institutions who might want to come 
and help figure out what is going on.” 

—-GRETCHEN VOGEL 
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PHYSICS 


Sparks Fly Over Shoestring Test 
Of ‘Holographic Principle’ 


Ateam of physicists says it can use lasers to see whether the universe stores information 
like a hologram. But some key theorists think the test won't fly 


BATAVIA, ILLINOIS—The experiment looks 
like a do-it-yourself project, the scientific 
equivalent of rebuilding a 1983 Corvette in 
your garage. In a dimly lit, disused tunnel 
here at Fermi National Accelerator Labora- 
tory (Fermilab), a small team of physicists 
is constructing an optical instrument that 
looks like water pipes bolted to the floor. 
Three scientists huddle within a makeshift 
tent—teally a plastic sheet the size of a table- 
cloth—to install a high-precision mirror. 
Nitrogen from a tank flows under the plas- 
tic to keep the mirror clean. “It doesn’t look 
very impressive, but it’s the equivalent of a 
class 100 clean room—the best you can buy,” 
says Craig Hogan, a theorist at Fermilab and 
the University of Chicago in Illinois. 

A ratchet clicks as a physicist inside the 
tent tightens a bolt. Another shouts, “The 
front one, not the back one! The front one, 
not the back one!” As implausible as it 
seems, the homey experiment could revolu- 
tionize scientists’ conception of the fabric of 
the universe—if Hogan is right. 

Known as the Fermilab holometer, the 
experiment aims to test one interpretation of 
the so-called holographic principle. The prin- 
ciple states that the amount of information 
that can be crammed into a region of space 
and time, or spacetime, is proportional to the 
region’s surface area. That’s odd, as after all, 
the number of computer hard drives that fit 
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in a room increases with the room’s volume, 
not the area of its walls. If the holographic 
principle holds, then the universe is a bit like 
a hologram, a two-dimensional structure that 
only appears to be three-dimensional. Prov- 
ing that would be a big step toward formu- 
lating a quantum theory of spacetime and 
gravity—perhaps the single biggest chal- 
lenge in fundamental physics. 

The principle implies a kind of informa- 
tion shortage that, in Hogan’s interpretation, 
makes it impossible to say precisely where 
an object is. “Think back to kindergarten; 
you know that something is either here or it’s 
there,’ Hogan says. “It’s so obvious that it’s 
not clear that [position] is a mystery.” In fact, 
Hogan says, position is inherently uncertain, 
and the holometer aims to prove that point. 

All the experiment takes is a couple 
of million bucks, two lasers, and a few 
months of work. That makes the holometer 
an unusual project for Fermilab, a particle 
physics lab where scientists typically work 
on huge accelerators and hundred-million- 
dollar experiments that run for years. “The 
beauty of it is that we have the people who 
can come up with this low-risk, high-reward 
experiment,” says Fermilab’s Raymond 
Tomlin. “It’s one shot, and if you discover 
something you go to Stockholm [to collect a 
Nobel Prize]. And if you don’t see anything, 
you set a limit.” 
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Hands-on. Student Benjamin Brubaker tin- 
kers with the Fermilab holometer. 


Not everyone cheers the effort, how- 
ever. In fact, Leonard Susskind, a theo- 
rist at Stanford University in Palo Alto, 
California, and co-inventor of the holo- 
graphic principle, says the experiment 
has nothing to do with his brainchild. 
“The idea that this tests anything of 
interest is silly,’ he says, before refus- 
ing to elaborate and abruptly hanging 
up the phone. Others say they worry 
that the experiment will give quantum- 
gravity research a bad name. 


Black holes and causal diamonds 

To understand the holographic prin- 
ciple, it helps to view spacetime the 
way it’s portrayed in Einstein’s special the- 
ory of relativity. Imagine a particle coasting 
through space, and draw its “world line” on 
a graph with time on the vertical axis and 
position plotted horizontally (see top figure, 
p. 148). From the particle’s viewpoint, it is 
always right “here,” so the line is vertical. 
Now mark two points or events on the line. 
From the earlier one, imagine that light rays 
go out in all directions to form a cone on the 
graph. Nothing travels faster than light, so 
the interior of the “light cone” contains all 
of spacetime that the first event can affect. 

Similarly, imagine all the light rays that 
can converge on the later event. They define 
another cone that contains all the space- 
time that can influence the second event. The 
cones fence ina three-dimensional, diamond- 
like region. According to special relativity, 
all observers will agree about which points 
are inside or outside the diamond, no matter 
how they are moving. The holographic prin- 
ciple states that the amount of information 
that such a “causal diamond” can hold varies 
with its surface area. 

That might seem like a perverse idea, but 
it follows from physicists’ analysis of black 
holes. A black hole is a region of extremely 
strong gravity produced when, for exam- 
ple, a star collapses to a point, cramming 
an enormous mass into an infinitesimally 
small volume. Within a certain distance of 
the point, gravity grows so strong that even 
light cannot escape. 

That distance defines a sphere in space 
called the “event horizon.” In the 1970s, 
theorists deduced that the amount of infor- 
mation contained in a black hole depends 
on the surface area of its horizon. One bit 
of information—which can be 0 or 1— 
can be encoded in each “Planck area,’ an 
area smaller than 10 square meters. Jacob 
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Bekenstein of the Hebrew University in 
Jerusalem and, independently, Stephen 
Hawking reached that conclusion when 
they realized that a black hole must have an 
entropy—a measure of how disordered it 
is inside—that grows with the surface area 
of its event horizon. The more disordered 
something is, the more information it takes 
to fully describe it, so the information-area 
link follows in step. 

Known as the Bekenstein bound, that 
entropy limit would serve as a cornerstone 
for any theory of quantum gravity, which 
theorists expect to kick in at length scales 
shorter than the so-called Planck length— 
roughly 10*° meters—and time scales 
shorter than the Planck time, about 10° sec- 
onds. It might have implications far beyond 
the event horizons of black holes, too. In the 
1990s, Susskind and Gerard t’ Hooft, a theo- 
rist at Utrecht University in the Netherlands, 
argued that any properly defined region of 
spacetime will obey the same information- 
area link, a conjecture that Susskind dubbed 
the holographic principle. 

No one has proved that the principle 
holds. However, no one has come up with 
a scenario in which it doesn’t, says Raphael 
Bousso of the University of California, 
Berkeley, who showed how to make the 
principle jibe with special relativity. For 
example, suppose you try to exceed the 
bound by encoding information in indi- 
vidual photons and cramming ever more of 
them into a region. You’ll end up creating a 
black hole well before you break the limit, 
Bousso says. 

Hogan’s interpretation takes matters a 
long step further. If the area-information 
link holds, then a region of spacetime can 
hold less information than it could if the 
amount of information grew with its vol- 
ume. The shortage implies that positions in 
perpendicular directions are no longer inde- 
pendent variables, Hogan argues. The more 
precisely experimenters measure an object’s 
position in one direction, the less precisely 
they can know its position in a perpendicular 
direction. That tradeoff resembles the one 
imposed by the famous Heisenberg uncer- 
tainty principle, which limits an observer’s 
ability to measure both the position and the 
momentum of a quantum particle. 

Specifically, Hogan argues, if research- 
ers know precisely how far away a thing is, 
then they can’t know exactly where it is side 
to side. That uncertainty should produce a 
sideways jiggling that grows with the dis- 
tance to the object, he predicts. That jitter 
is precisely what physicists hope to observe 
with the holometer. 
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Playing with the LEGO LIGO 

Physicists at Fermilab plan to measure the 
jitter using store-bought technology, spare 
lab space, and a $2.5 million grant from the 
Department of Energy won for the project 
by Fermilab’s Aaron Chou. That’s a mere pit- 
tance at a lab that’s planning billion-dollar 
projects. “These huge projects take a long 
time to design and a longer time to fund, and I 
worry that by the time one gets built it might 
not be the most interesting thing in the field,” 
Chou says. “I try to keep an eye out for things 
that might be done more easily.” 


y position 


spacetime that can 
be affected by first 
event and can affect 
second event 


The idea. Together, light rays 
emanating from an earlier event 
and those converging on a later 
one form a “causal diamond.” 
The holographic principle says 
that such a region can hold an 
amount of information propor- 
tional to its surface area. 


X position 


correlated 


The experiment. If there’s 
quantum uncertainty in space- 
time, nested interferometers 
should jitter in unison; back-to- 
back ones, independently. 


position 


uncorrelated 


To spot the predicted jiggling, physicists 
are building a pair of L-shaped instruments 
called interferometers. An interferometer 
splits an incoming beam of laser light in two 
using a cube of glass called a “beam splitter.” 
The two beams race down the interferome- 
ter’s perpendicular arms and reflect off mir- 
rors at the ends. If the lengths of the arms are 
set just right, then the returning light waves 
will overlap and interfere so that all the light 
exits through the same face of the beam split- 
ter that it entered. But if the relative lengths 
of the arms change, then some light will leak 
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out of the perpendicular face, or “dark port,” 
allowing physicists to compare the arms’ 
lengths to a fraction of an atom’s width. 

An interferometer can also measure the 
sideways motion of the beam splitter. If the 
beam splitter moves sideways relative to 
one of the mirrors, it must necessarily move 
either toward or away from the mirror in 
the perpendicular arm, changing that arm’s 
length and letting light leak out of the dark 
port. So in principle, experimenters can test 
Hogan’s prediction by monitoring the output 
of a single interferometer for “holographic 
noise,” an unquenchable jitter in the beam 
splitter’s position at frequencies of millions 
of cycles per second. 

Actually, the team will monitor two 
interferometers, Chou says. Nested side by 
side like spoons, the devices will sample 
the same region of spacetime (see bottom 
figure, p. 148). That’s because in the time that 
it takes light to bounce through the devices, 
the causal diamonds of the two beam split- 
ters will overlap. As it is spacetime itself that 
is fluctuating, the jiggling of the two beam 
splitters should then be correlated, making 
it easier to detect a tiny signal—a standard 
trick from the processing of radio signals. 
If researchers do see correlated jitter, they 
can also reconfigure the two devices to sit 
back to back and sample different regions 
of spacetime. Any signal from holographic 
noise should then go away. In the search for 
a signal, “we'll get a yes or a no,” says 
Stephan Meyer, an experimental cosmolo- 
gist at the University of Chicago. “There 
won’t be a maybe.” 

The setup should be incredibly sensitive, 
Hogan says. If, for any reason, the two beam 
splitters move in concert by roughly a Planck 
length per Planck time, then experiment- 
ers should be able to detect the motion that 
accumulates in the fraction of a microsecond 
it takes light to pass through the apparatus. 
So the experiment will be able to search for 
effects on the so-called Planck scale, regard- 
less of their origins. “That’s why experimen- 
talists love it,’ Hogan says. 

For a particle physics lab, the holome- 
ter experiment is a string-and-sealing-wax 
affair. Only one of each interferometer’s 
two 40-meter arms will fit in the tunnel. 
To house the other two arms, researchers 
have run plastic pipes through the side of the 
tunnel and the earthen berm that covers it to 
a wooden shed that resembles an outhouse. 
The experiment runs out of trailers that 
may have been new when Ronald Reagan 
was president. 

The holometer team is also borrowing 
technology. Team members Rainer Weiss and 
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Samuel Waldman of the Massachusetts Insti- 
tute of Technology in Cambridge also work 
on the Laser Interferometer Gravitational- 
Wave Observatory (LIGO), which comprises 
interferometers in Hanford, Washington, and 
Livingston, Louisiana, each with 4-kilometer- 
long arms. They’ve advised their Fermilab 
colleagues how to build their instruments 
with store-bought parts, says Fermilab’s Chris 
Stoughton. “The LEGO LIGO was our catch 
phrase,” he says. “You didn’t need to build a 
big experiment; you just needed to buy the 
parts and reconfigure them differently.” 

The holometer project also gives the parti- 
cle physicists a rare treat: a chance to work in 
a small team. “This is one of the few experi- 


Undaunted. At the least, the experiment will probe 
the Planck scale, originator Craig Hogan says. 


ments where you can get your hands on—and 
your head around—every part of the experi- 
ment,” says Robert Lanza, a graduate student 
at the University of Chicago. 


Wanna bet? 

But will the holometer really test the holo- 
graphic principle? Aptly enough, uncer- 
tainty is high. 

Even Hogan acknowledges that his pre- 
diction of an observable jittering isn’t air- 
tight. He assumes that the uncertainty 
relationship applies to the position of a mac- 
roscopic object. But it could apply just to 
the subatomic particles within the object, 
which would produce a much smaller effect. 
In that case, failure to spot the quivering 
wouldn’t torpedo the basic holographic 
principle, Hogan says. “If we don’t see a sig- 
nal, nobody is going to abandon these ideas 
of holography,” he says. “On the other hand, 
if we do see a signal, it will make the whole 
idea of holography more concrete.” 

But some experts on the holographic 
principle think the experiment is completely 
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off-target. “There is no relationship between 
the argument [Hogan] is making and the 
holographic principle,” Bousso says. “None 
whatsoever. Zero.” The problem lies not in 
Hogan’s interpretation of the uncertainty 
relationship, but rather in “the first step of his 
analysis,’ Bousso contends. 

Bousso notes that a premise of special 
relativity called Lorentz invariance says the 
rules of physics should be the same for all 
observers, regardless of how they are mov- 
ing relative to one another. The holographic 
principle maintains Lorentz invariance, 
Bousso says. But Hogan’s uncertainty for- 
mula does not, he argues: An observer stand- 
ing in the lab and another zipping past would 
not agree on how much an interferometer’s 
beam splitter jitters. So Hogan’s uncertainty 
relationship cannot follow from the holo- 
graphic principle, Bousso argues. 

The experiment can do no good in test- 
ing the holographic principle, Bousso says, 
but running it could do plenty of harm. 
The holometer has garnered an inordinate 
amount of attention in the blogosphere and 
in press accounts, he says, raising unrealis- 
tic expectations. “They’re not going to have 
a signal and then there is going to be a back- 
lash saying that the holographic principle 
isn’t valid, and we’ll look like we’re on the 
defensive,” Bousso says. “That’s why I’m 
trying to get the word out [that the exper- 
iment won’t test the principle] without 
appearing to make excuses.” 

Hogan is unruffled. He sticks by his claim 
that the holographic principle implies an 
uncertainty in position that may be observ- 
able. This uncertainty relationship violates 
Lorentz invariance, he acknowledges, but 
the bigger issue is how Lorentz-invariant 
spacetime itself emerges from deeper phys- 
ics at the Planck scale. In any case, Hogan 
says, debating this experiment can only ben- 
efit the field of quantum-gravity research, 
which has remained essentially theoretical. 
“Tf we can actually have an argument about 
an experiment and whether or not we’re 
doing a test of something, I think that’s help- 
ful,” he says. 

At the least, the experiment will probe 
the Planck scale in some way, Hogan says. 
“What I would love is for theorists to predict 
that we won’t see anything,” he says. “They 
haven’t done that.” Then again, they don’t 
have to. Within a year, Hogan and his team 
will have their data. It would make a thrilling, 
feel-good story if they scored a huge discov- 
ery that served as the basis for a real theory 
of quantum gravity. In science, however, long 
shots pay out even less often than they do at 
the racetrack. -ADRIAN CHO 
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Icy-Hot Mercury's Water 
Pinned Down in the Dark 


Lead may melt in Mercury’s noontime sun, 
but for 2 decades, planetary scientists have 
suspected that the polar nooks and crannies of 
the innermost planet harbor eons-old stores of 
water ice. At the meeting, researchers heard 
that signs from the MESSENGER spacecraft 
orbiting Mercury strongly support that claim. 

Water ice had been the leading expla- 
nation for the spotty but bright radar reflec- 
tions from the polar regions of Mercury since 
Earth-based radar first detected the reflec- 
tions in 1991. Radar beams reflected from the 
spots the way they do from the water-ice cap 
of Mars. And the bright reflections came from 
inside large, high-latitude craters—places 
where perpetual shadows might chill the 
ground enough to preserve water ice for eons. 

To detect any possible water ice, 
MESSENGER carried the first neutron 
spectrometer to probe Mercury. Cosmic rays 
striking the planet’s surface send neutrons 
flying into space. But the hydrogen of water 
ice could keep some neutrons from reaching 
MESSENGER. Planetary scientist David 
Lawrence of The Johns Hopkins University 
Applied Physics Laboratory (APL) in Lau- 
rel, Maryland, and his colleagues reported 
that MESSENGER’s neutron spectrometer 
had detected 1% fewer fast neutrons stream- 
ing from the north polar region than from the 
equator. Nearly pure water ice buried under 
a few tens of centimeters of insulating rocky 
soil could be responsible for the neutron 
decrease, Lawrence said. 


As the first Mercury orbiter, 
MESSENGER is also getting the closest 
look ever at the shadows cast near the 
north pole. As planetary scientist Nancy 
Chabot of APL and her colleagues reported, 
MESSENGER imaging has revealed that 
near the north pole, nearly every crater 
wider than 10 kilometers strongly reflects 
radar, as water ice does, and the radar bright- 
ness essentially coincides with permanent 
shadow. “That’s really striking,” she said. 

Perhaps the most striking support for the 
water-ice theory was the combination of the 
newly determined shape of Mercury’s sur- 
face and a model that keeps track of incoming 
solar energy. MESSENGER’ laser altimeter 
revealed the north polar region’s crater-strewn 
topography in fine detail. Planetary scientist 
David Paige of the University of California, 
Los Angeles, and his colleagues folded that 
topographic map into their model, which cal- 
culates the amount of heating by sunlight. It 
computes surface and subsurface tempera- 
tures by gauging where permanent shadows 
are cast and how much sunlight is reflected 
into those shadows, among other processes. 

The model’s calculated temperatures 
alone are “fairly conclusive” evidence that 
water ice dominates Mercury’s radar-bright 
deposits, Paige said. Model temperatures 
beneath 10 centimeters of insulating soil 
in permanent shadow typically run about 
100 K. That is just the temperature needed to 
preserve water ice for billions of years against 


Good fit. Radar reflections (white) from water ice 
coincide with cold, shadowed regions (black). 


sublimation to space, Paige noted. Other can- 
didates for radar-bright deposits, such as sul- 
fur, would survive at higher temperatures, but 
the modeling indicates that those tempera- 
tures are rare in the deposits. 

Considering all lines of evidence, “I think 
the case is strong now” for water ice on Mer- 
cury, says planetary scientist Dana Hurley 
of APL, who was not involved in any of the 
analyses. In fact, “it could be that Mercury is 
in the sweet spot” for retaining the water of 
impacting comets. 

Inside Mercury’s permanent shadows, it 
is cold enough that water vapor from impact- 
ing comets will freeze to the surface but 
warm enough that some of the surface ice 
will diffuse downward before it is lost. Under 
some insulating soil, it is colder still, just 
cold enough to preserve the ice for eons. The 
moon’s cold shadows are actually too cold 
for much deep storage, making Mercury the 
more productive icemaker. 


Tougher Times for Any 
Life on an Early Mars? 


James Head is looking to dry out and freeze 
up the planet Mars. While his fellow plan- 
etary scientists have been haltingly moving 
away from visions of a “warm and wet” early 
Mars conducive to the origin of life, Head 
has been building a case that Mars has been 
bitterly cold and hyper-arid for almost all of 
its 4 billion years. A few splashes of cold run- 
ning water lightly carved the surface several 
billion years ago, he allows, but otherwise 
the surface, at least, of the Red Planet has 
most likely never been a place for life. 

In the meeting’s sole plenary lecture, 
Head, a planetary geologist at Brown Uni- 
versity, marched back in martian time. 
He drew from the geologic climate record 
revealed by orbiting cameras and roving 
instruments, supplemented by global mod- 
els of martian climate. The past 3.5 billion 
years of Mars climate was straightforward 
enough. On the surface, most researchers 
agree, ice moved back and forth between 
the poles and lower latitudes as the plan- 
et’s wobbly rotation axis let the sun alter- 
nately warm the poles and the equator. But 
there was no rain and only rare trickles of 
glacial meltwater. 
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Snapshots From the Meeting >> 


A wet Antarctic link to Mars. At last year’s conference, Mars Recon- 
naissance Orbiter team members presented some intriguing images. They 
appeared to show where water had just dribbled down martian slopes, 
dampening and darkening as it went (Science, 15 April 2011, p. 303). This 
year, planetary scientist Joseph Levy of Oregon State University in Corvallis 
compared how fast those martian dark streaks progressed downhill with 
how fast water from melting ice and snow in Antarctica’s Taylor Valley 
oozed through the ground and wicked to the surface to create a lengthen- 
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features known to be watery. Even the calculated martian soil permeability 
was much the same, like that of very fine sand. Any implications for life 

on Mars? An Antarctic wet streak “is a tough place to make a living,” Levy 
says, “but something does”: bacteria and hardy algae. 


A lucky shot at the moon? After a precisely targeted impacter plowed 
into the moon in October 2009, the first Science headline was “The Moon 
Is Wet!” True enough: The LCROSS spacecraft did detect abundant water in 
the impact’s debris (Science, 19 March 2010, p. 1448). But “I think LCROSS 
got lucky,” LCROSS team member Richard Elphic of NASA’s Ames Research 
Center in Mountain View, California, said at the meeting. In the 1990s, the 
Lunar Prospector orbiter measured lunar hydrogen in water by detecting 
neutrons flying off the moon. If all of the moon’s permanently shadowed, 
deeply chilled areas harbor as much ice as LCROSS found, Elphic and his 
colleagues calculated, Lunar Prospector would have detected 10 times as 
much water hydrogen as it actually did. Although the LCROSS impacter was 
indeed guided to a broad area enriched in water, Elphic says, it most likely 


ing dark streak. The martian features behaved just like those terrestrial 


Next, Head argued that the martian cli- 
mate of the eon before 3.5 billion years ago 
was probably much the same: almost always 
cold and dry. No one has found a satisfac- 
tory way that early Mars could have warmed 
above the freezing point for hundreds of 
millions of years at a time, he noted. And 
he pointed to emerging signs that Mars was, 
in fact, quite cold. For example, from gla- 
cial landforms, Head and colleagues have 
deduced a mean annual temperature at mid- 
latitudes of less than 0°C about 4 billion 
years ago. That’s well back into what has 
been considered warm and wet, or at least 
continuously damp. 

Of course, many of the ancient terrains of 
Mars Jook as though they were once awash, 
but those watery markers could have been 
created without persistent surface warmth 
and wetness, Head said. True, clays now 
commonplace on the surface require pro- 
longed contact of liquid water with rock. But 
researchers have lately found that at least 
some clays likely formed well below the sur- 
face, he said. Surface features like lakebeds 
and networks of branching river valleys now 
appear to have formed geologically quickly 
during brief episodes warm enough to melt 
snow and ice. And Mars might have warmed 
briefly about the same time, when humon- 
gous but episodic volcanic eruptions spewed 
greenhouse gases. 

Head and the rest of the planetary sci- 
ence community could soon have a chance 
to test his perpetually-cold-and-dry scenario. 
The Curiosity rover will plunge into the mar- 
tian atmosphere 5 August to land by a neatly 
exposed geologic record of the traditionally 
interpreted shift from a warm and wet to a 
cold and dry Mars. 
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struck a particularly wet spot by chance. 


-R.A.K. 


The Young Solar System Took a One-Two Punch? 


How violent were the early days of the solar 
system? For 40 years, scientists have debated 
when and how badly the rocky inner plan- 
ets were battered in their youth. Some think 
any pounding recorded in the early geologic 
record was just the dwindling away of the 
solar system’s violent birth pangs. But oth- 
ers, sometimes called catastrophists, see 
evidence that a brief “late heavy bombard- 
ment” by mountain-size bodies shook things 
up again about 4 billion years ago. At a pre- 
conference workshop, planetary dynamicist 
William Bottke suggested that each group 
might be partly right. 

Bottke models orbital dynamics at the 
Southwest Research Institute (SwRI) in 
Boulder, Colorado. Drawing on numerous 


The beginning. Debris left from planetary formation 
later pummeled the solar system, possibly twice. 


presentations at the earlier 75-attendee bom- 
bardment workshop, which he co-organized, 
he tried to understand why dating impacts on 
the moon, Earth, and asteroids has been so 
confusing. Some dating techniques seem to 
show a 4-billion-year-old spike; others don’t. 
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At the conference, Bottke, with SwRI col- 
league Simone Marchi and others, reported 
that part of the problem may be that there are 
two kinds of impacts. “Slow” impacters hit 
at about 18,000 kilometers per hour, a speed 
typical of collisions in today’s asteroid belt. 
Fast impacters move at 65,000 kilometers per 
hour, delivering 1000 times the impact energy 
of slow impacters. Because only high-speed 
impacts have the energy to reset the argon- 
argon isotopic “clock” often used to date 
impacts, the group noted, the argon-argon 
method lets most slow impacts go unrecorded. 

At the conference, Bottke presented a 
blend of the competing bombardment histo- 
ries that takes account of the spotty impact 
record produced by a mix of fast and slow 
impacters. As all agree, a few hundred mil- 
lion years after solar system formation, the 
lower-energy tail end of debris left over from 
planet formation thudded slowly through 
the solar system. But then, starting roughly 
4.2 billion years ago, Jupiter and Saturn 
plowed inward through the young solar sys- 
tem, gravitationally stirring up high-energy 
impacters, Bottke said. That planetary 
migration is the leading candidate for trig- 
gering any late bombardment. 

Bottke thinks the resulting late bombard- 
ment was longer and less intense than many 
catastrophists have proposed. That’s because 
the planetary migration created a bunch of 
high-energy impacters that were slow to 
escape the asteroid belt and hit the inner plan- 
ets (Science, 15 April 2011, p. 302). Although 
harder to detect today, Bottke said, the 
stretched-out “spike” would have been “pretty 
heavy” and catastrophic. -RICHARD A. KERR 
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Outsourced Psychiatry: 
Remote Support 


IN HIS NEWS FOCUS STORY “WHO NEEDS PSYCHIATRISTS?” (16 MARCH, 
p. 1294), G. Miller highlights the burgeoning psychiatric morbidi- 
ties in regions left devastated by conflict. Social media can now pro- 
vide access to an additional conduit of expertise, which can offer 
remote support and help in constructing virtual healthcare architec- 
ture in politically fragile nations. In Somaliland, with a population of 
3.5 million people, United Kingdom—based organizations are already 
using social networking portals to support continuing medical edu- 
cation for interns (/) and to provide real-time mentoring for doctors 
managing challenging psychiatry cases. This support is crucial in a 
country with no psychiatrists in the public sector and in which chain- 
ing affected patients to the floor is common. With an unpredictable 
political climate limiting interventions by foreign agencies, social net- 
works provide a practical means of offering regular, intercontinental 
support to doctors who would otherwise be isolated. Such technology 
could further be deployed to gather electronic healthcare workforce 
records, augment coordination of clinical trials, and monitor health 
economies. The disparities in medical capacity between Northern and 
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Southern partners are already narrow- 
ing. If security and identity verification 
are safeguarded, social media could 
rapidly accelerate progress. 
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Looking for help. An overcrowded mental 
hospital in Banda Aceh, Indonesia. 


Outsourced Psychiatry: 
Experts Still Relevant 


THE NEWS FOCUS STORY ON GLOBAL MEN- 
tal health, “Who needs psychiatrists?” (G. 
Miller, 16 March, p. 1294), implied that the 
answer is “no one.” This is not the case. 

It is true that clinical trials have demon- 
strated the efficacy of talking therapies for 
depression, anxiety, and other common men- 
tal disorders, when delivered by nonpsychia- 
trist health workers trained by professionals. 
Severely ill individuals (such as those with 
refractory depression, bipolar disorder, or 
schizophrenia) require medication, which can 
be administered safely by nurses, family doc- 
tors, and even health workers supervised by 
medical personnel. Investing in community 
health workers as mental health gatekeepers 


is the safest national strategy for sustainable 
mental health programs, for the reasons men- 
tioned in the News Focus story as well as an 
additional one: Community health workers 
are not as susceptible to “brain drain”—the 
emigration of skilled workers for better work- 
ing conditions—as health professionals. 

For quality care, however, psychiatrists are 
needed for overall direction/supervision and 
training in differential diagnosis and medica- 
tion management, especially when address- 
ing complex comorbidities (mental as well as 
physical). Psychiatrists play a crucial role as 
consultants in these international projects. 
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Sound and Fury, Clarified 


IT WAS AN HONOR TO HAVE MY PROFILE PUB- 
lished in Science (“Sound and fury in the 
microbiology lab,” C. Mary, News Focus, 2 
March, p. 1033). However, I was surprised 
that 20% of the article is devoted to the 
American Society for Microbiology (ASM) 
story, in which I was a collateral victim of 
a collective sanction (there has been no col- 
lective liability in France since World War 
II). I did not manage the paper and did not 
even check the last version. The mistake by 
C. Capo consists of a single figure inver- 
sion (not four, as stated in the Science pro- 
file). This paper has since been published 
(/). In January 2007, I was awarded one of 
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CORRECTIONS AND CLARIFICATIONS 


News Focus: “Sound and fury in the microbiology lab” by C. Mary (2 March, p. 1033). The article said that a reviewer for 
Infection and Immunity raised concerns about four figures in a revised manuscript by Raoult and colleagues. The article 
should have made clear that at issue were panels within a single figure of the revised manuscript. As the article stated, one 
author acknowledged he had made a mistake, but only two panels were in error. 


Reports: “A DOC2 protein identified by mutational profiling is essential for apicomplexan parasite exocytosis” by A. Farrell et 
al. (13 January, p. 218). There were labeling errors in Figs. 1C and 3C. In Fig. 1C (left), the y axis should run from 0 to 50%, 
not 0 to 100%. In Fig. 3C (right), the labels on the x axis, 35°C and 40°C, should be transposed. The corrected figure panels 


are presented here. 
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the highest ASM honors—the ICAAC lec- 
ture—thus clearing doubts about my scien- 
tific integrity. 

I find it interesting that the Web site (2) of 
the profile’s author, C. Mary, states that she 
works for Danone, a Paris-based food prod- 
ucts company. My recent work on the putative 
role of probiotics in obesity (3—5) [reported in 
my book (6)] led to bad press for Danone and 
forced them to review their marketing strat- 
egy [e.g., (7)]. 

DIDIER RAOULT 


Rickettsies Research Unit, University of Medicine, Marseille, 
13005, France. E-mail: didier.raoult@gmail.com 
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Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the past 3 months or matters of 
general interest. Letters are not acknowledged 


upon receipt. Whether published in full or in part, 
Letters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 


Response 
RAOULT IS REFERRING TO A WEB SITE THAT IS 
out of date. My collaboration with Danone is 
limited to writing two newsletters in 2002 and 
2003; Ihave had no contact with Danone rep- 
resentatives for more than 9 years. 

CATHERINE MARY 


Cultural Diversity in 
a Global Society 


IN HER EDITORIAL “THE GLOBAL KNOWLEDGE 
society” (3 February, p. 503), N. V. Fedoroff 
argues that “creating a truly global knowl- 
edge society” would empower humanity to 
solve its common problems. However, she 
neglects to acknowledge that humanity’s 
problems, although shared, are inextricable 
from local cultural and ecological contexts. 
Knowledge may be empowering as a solu- 
tion to these problems, but it often empowers 
inequitably. With these disparities, a “global 
knowledge society” could harm certain cul- 
tures and cause loss in the world’s cultural 
diversity. For example, the globalization of 
the knowledge of traditional Chinese medi- 
cine has escalated demands for medicinal 
materials to beyond local ecological capaci- 
ties, putting thousands of wild Chinese herbs 
at risk of extinction (/), and consequently 
damaging this treasured cultural practice. 
Preserving the world’s cultural diversity at 
a time of globalization—of both knowledge 
and economy—is in humanity’s own interest 
of future viability. The world needs not one 
homogenized global knowledge society, as 
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the Editorial suggests, but a global mosaic of 
multiple, pluralistic knowledge societies, each 
rooted in its own unique cultural identity. This 
latter view reflects the idea of “knowledge 
societies” espoused by the United Nations 
Educational, Scientific, and Cultural Orga- 
nization (UNESCO)—“the plural here,” the 
organization asserts in a report, “sanctions the 
need for an accepted diversity” (2). 
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Science Statesmanship 


THE NATIONAL ACADEMY OF SCIENCES HAS 
reported the decline in U.S. science, technol- 
ogy, engineering, and mathematics (STEM) 
education time and time again (/, 2). Despite 
these findings, the federal government has 
not substantially increased its funding of sci- 
ence education. 

North Carolina has found a creative solu- 
tion by leveraging its own (albeit limited) 
state budget. The state science museum has 
been transformed into a hub for science 
research, education, and outreach technol- 
ogies. Called the Nature Research Center 
(NRC), a new 24,000-m? wing of the existing 
museum was funded through public-private 
partnerships, creating a statewide “one-stop 
shop” for all facets of science education. All 
K-12 classrooms in North Carolina are linked 
through the Internet to the NRC’s multime- 
dia technology theater, where scientists will 
broadcast their discoveries. Technology plat- 
forms in the NRC foster science communica- 
tion to diverse audiences throughout the state 
(and beyond), including K-12, citizens, edu- 
cators, and policy-makers. 

STEM education is a responsibility for 
everyone—federal, state, and local govern- 
ments, as well as parents and students them- 
selves. By creating a hub for cutting-edge 
science research, education, and communi- 
cation, North Carolina is ensuring a strong 
pipeline of exceptional STEM students into 
the workforce. MARGARET DALZELL LOWMAN 
Nature Research Center, North Carolina Museum of Natural 
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SOOK 


LANGUAGE 


Me Tarzan, You Jane 


Robert C. Berwick 


a “Caruso” scenario for language’s ori- 

gin: sexier singers got more mates, lead- 
ing to language’s use for both communica- 
tion and, crucially, thought (7). More than 
140 years on, have we made any progress? 
Judging by The Origins of Grammar, not so 
much. James Hurford, an eminent Edinburgh 
University linguist, has been at the forefront 
of a recent revival of evolutionary thinking 
regarding the origin of language. The over- 
arching principles of gradualism and conti- 
nuity guide his account. He clearly means to 
stand on Darwin’s shoulders—evolution by 
natural selection via “numerous, successive, 
slight modifications.” 

Hurford’s evolutionary story parallels the 
book’s three parts. First, from primate calls, 
prehumans pitched up with pairings of vocal- 
ized words and meanings; this “first shared 
lexicon” grew, word by word. Second, a bur- 
geoning stock of single word-meaning pairs 
led to two-word constructions (including 
“Me Tarzan, you Jane’’) along with an abil- 
ity to learn new words and sentence construc- 
tions. Third, driven by expansions in compu- 
tational capacity and the pressure of cultural 
needs for communication, the steady drum- 
beat of two-word constructions led to three- 
word constructions and on to Shakespeare. 

Hurford insists that virtually every aspect 
of human language is, at heart, a cultural con- 
struct—treinvented anew as each child grows 
up in a particular language community, with 
very little in common from language to 
language aside from our shared language- 
learning capacity. Many linguists and cog- 
nitive scientists would disagree, arguing that 
our brain comes predisposed to eliminate as 
a potential human language a large range of 
otherwise logical possibilities. 

Wide-ranging and often entertaining, 
Hurford’s three-part account is nonetheless 
just a story. Crucially, despite his unflagging 
commitment to Darwinism, he has missed 
even Darwin’s own solution to the problem 
of novelty, one readily applicable to lan- 
guage. For Hurford, gradualism and continu- 
ity entail changes of both form and function. 
But Darwin appreciated that there had to be 
discontinuities of function maintaining con- 


[: The Descent of Man, Darwin advanced 
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tinuity of form. In Origin of Species, he sin- 
gled out the transformation of swim bladders 
of fish into air-breathing lungs as a clear case 
of novel functions appearing as “wonderful 
metamorphoses” repurposing 
old forms (2). 

Indeed, a relatively rapid 
emergence of language seems 
to square much better with the 
paleoarchaeological record. 
Whereas Hurford’s account 
demands a long, slow trek from 
symbolic activity and single 
words to language, unequivo- 
cal evidence of symbolic activity first appears 
associated with Homo sapiens (e.g., the 
engraved shells in Blombos cave, 77,000 years 
ago). Going back that far takes only 2600 gen- 
erations, too little time for a slow trek. 

In addition, Hurford repeatedly presents 
interpretations without providing data to sup- 
port them: “It is quite possible that Homo 
erectus, perhaps for over a million years, 
had symbolic pre-syntactic communicative 
behaviour.” “The first evolutionary rudiments 
of language permitted somewhat larger group 
size.” “It is conceivable that the combined 
effects of increased group size, increased 
cooperation within groups, increased trust, 
and shared intentionality permitted some 
relaxation of genetic control.... Thus the first 
learned arbitrary symbols.” Doubtless, any of 
these claims could be correct. The real ques- 
tions are whether any of them are true and how 
we might ever determine that. 

To support his view that today’s com- 
plex languages evolved from simple ones, he 
discusses three extant “linguistic fossils”: 
Creole languages; a pair of hypersimplified 
languages (Piraha, with fewer than 500 speak- 
ers in the Amazonian basin, and Riau, spoken 
by some 5 million urban Indonesians); and 
the trajectory of child language acquisition 
(adopting Haeckel’s “ontogeny recapitulates 
phylogeny”). However, the empirical basis 
for his accounts is questionable. Take Cre- 
oles: They have articles (e.g., “the” and “a’”), 
whereas “more complex” languages such as 
Chinese or Russian lack them. Creole articles 
have a more irregular, complex distribution 
than those in “complex” French, Italian, or 
German. And questions in Creoles are formed 
roughly as in English, with question words 
(e.g., what) at the front of the sentences— 
another complexity not found in Chinese (3). 


The Origins of Grammar 
Language in the Light 
of Evolution 


by James R. Hurford 


Oxford University Press, 
Oxford, 2012. 807 pp. $65, 
£35. ISBN 9780199207879. 


Biologists expecting a worked-out evolu- 
tionary model will walk away disappointed. 
Despite its subtitle, the book lacks explicit 
fitness calculations, survival and repro- 
duction schedules, generation times, and, 
indeed, anything resembling the basics of 
population or behavioral genetics. Hurford 
reveals what does count for him as an evo- 
lutionary argument while explaining why 
prehuman vocabularies should get larger: 
“Couching it in evolutionary 
terms, one would presumably 
assume there is some advan- 
tage to individuals in a group 
in having a large vocabulary.” 
However, evolutionary expla- 
nations typically demand far 
more than just an unproven 
assumption about advantage 
to individuals. 

Tellingly for such an inherently histori- 
cal science as evolution, the book contains 
very little about established hominin pre- 
history. There isn’t even an illustration of 
perhaps the single most striking fact about 
hominin evolution: whereas this clade once 
formed a bushy tree with many coexisting 
species, now there is only one lineage left, 
us. To be sure, Hurford does not seek to pro- 
vide a historical explanation—he identifies 
his concern as “the ‘Why?’ and ‘How?’” of 
the origins of syntax. But history does mat- 
ter. The available evidence points to a rela- 
tively recent appearance of symbolic activ- 
ity in the human lineage, the adventitious 
convergence of old forms brought together 
for a new function just as Darwin suggested, 
roughly at the time of the last push of Homo 
sapiens out of Africa, 70,000 years ago. We 
can shed all of Hurford’s speculative bag- 
gage: There is no need for “symbolic behav- 
ior” in Australopithicenes or even Neander- 
tals; no necessity for special pleading about 
Creole “simplicity” or eccentric “living fos- 
sil” languages; no call for language devel- 
opment to recapitulate phylogeny; and no 
difficulty reconciling the paradoxically long 
periods of apparent stasis in the paleoanthro- 
pological record with the observed bursts of 
functional innovation. All these empirical 
problems fade away, leaving us with a story 
altogether different from the one told in The 
Origins of Grammar. 
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RESEARCH PRIORITIES 


Shining Light into Black Boxes 


A. Morin,' J. Urban, P. D. Adams,? I. Foster,’ A. Sali,; D. Baker,’ P. Sliz'* 


he publication and open exchange 

of knowledge and material form the 

backbone of scientific progress and 
reproducibility and are obligatory for pub- 
licly funded research. Despite increasing 
reliance on computing in every domain of 
scientific endeavor, the computer source 
code critical to understanding and evaluat- 
ing computer programs is commonly with- 
held, effectively rendering these programs 
“black boxes” in the research work flow. 
Exempting from basic publication and dis- 
closure standards such a ubiquitous cate- 
gory of research tool carries substantial neg- 
ative consequences. Eliminating this dispar- 
ity will require concerted policy action by 
funding agencies and journal publishers, as 
well as changes in the way research institu- 
tions receiving public funds manage their 
intellectual property (IP). 


Disparity Without a Cause 

In publicly funded research outside of com- 
putational science, the creation and dis- 
semination of new tools, techniques, and 
methods requires detailed publication and 
disclosure of information necessary to sat- 
isfy peer review, experimental reproduction, 
and the ability to build upon another’s work. 
Research tools created using public funds, 
such as animal models or cell lines, even 
those intended for commercialization, must 
fulfill disclosure and publication require- 
ments (/). 

Disclosure practices among scientist- 
programmers often do not meet these stan- 
dards. Computer programs created in the 
course of research can range from single- 
command line scripts to multigigabyte code 
repositories. Many scientist-created pro- 
grams are ad hoc efforts never intended for 
distribution or release, but all can be equally 
critical to research outcomes. Although it is 
typical to publish general conceptual and 
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Funders, publishers, and research institutions 
must act to ensure that research computer code 
is made widely available. 


POLICY ACTIONS TO ELIMINATE SOURCE CODE 
WITHHOLDING IN RESEARCH COMPUTATION 


Institutional support 


Publicly funded research institutions and university TTOs must remove organiza- 


tional impediments to OSS licensing of computer code and embrace a wider variety 
of methods for exploiting and sharing their intellectual property. Creating a 
“standard set” of open software licensing tools within and across institutions that 
includes established OSS licenses would be an important step toward that goal. 


Funding policy 


Public funding and policy-setting agencies must explicitly and clearly state their 


strong preference for open dissemination, sharing, and publication of scientist- 
created software and source code. Although not an absolute requirement in 
recognition of the enormous diversity of research receiving public funds, the 
burden of justifying proprietary research products would be left to the applicant. 


Publishing requirement 


Scientific journal publishers must enact editorial policies requiring, as a condition 


of publication, that researchers make available new computer source code 
generated in the course of the research and necessary to reproduce the published 
research findings. Policies in place at journals already meeting this requirement 
(16-18, 36) could provide guidance for wider implementation. 


functional descriptions of new, major pieces 
of scientist-created software, it is not uncom- 
mon to withhold the program source code 
and instead release only the binary (execut- 
able) version of a program. Source code is 
the human readable form of a programming 
language and contains the complete set of 
instructions for how a computer processes 
input data. In the absence of source code, 
the inner workings of a program cannot be 
examined, adapted, or modified. 

The consequences of relying on these 
black boxes in research computation can 
be far-reaching. Common implementation 
errors in programs, such as failing to con- 
vert units correctly or assigning missing val- 
ues as zero, can be difficult to detect without 
access to source code (2). Recent retractions, 
resignations, and canceled clinical drug trials 
at Duke University involved unreleased and 
unreproducible code (3). Calls for greater 
focus on reproducibility in scientific research 
have mounted in recent years (4, 5), and the 
inability to reproduce many published com- 
putational results or to perform credible peer 
review in the absence of program source 
code has contributed to a perceived “credi- 
bility crisis” for research computation (6, 7). 
Source code withholding causes duplication 
of efforts by preventing sharing and reuse of 
validated computer code (8) and is incompat- 
ible with the stated goals of science funding 
agencies and policy advisory bodies (9). 

How and why this unique disparity in 
disclosure practices persists within research 
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computation is complex and goes beyond 
simple protectionism. Contributing factors 
may include the informal means by which 
most scientist-programmers attain their pro- 
gramming skills (10, //). It is not uncom- 
mon for self-taught programmers to be inse- 
cure about publishing “ugly” code: programs 
that work but do not conform to accepted 
best practices, are inefficient, or are aesthet- 
ically lacking (/2). Lack of awareness and 
education around issues of code dissemina- 
tion among scientist-programmers may also 
contribute. Among the small number of pro- 
gramming courses geared toward scientists, 
issues of code publishing or software licens- 
ing are seldom addressed. 

Systems of attribution and citation, fre- 
quently relied on as metrics for career evalu- 
ation and achievement, which have evolved 
to accommodate publication of traditional 
scientific methods and techniques, may not 
adequately assure authorship credit when 
source code is adapted by other researchers. 
Tendencies toward traditional IP protection 
regimes at institutional technology trans- 
fer offices (TTOs) can result in proprietary 
licensing and distribution schemes that dis- 
courage release of source code (/3). 

Public-funding and policy-setting agen- 
cies have yet to enumerate clear, compre- 
hensive, and universal policies promoting 
the publishing and dissemination of com- 
puter source code. Some specific funding 
initiatives evaluate applicants, in part, on 
software sharing and dissemination plans 
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[e.g., (4)]. Such grants are typically for, or 
specifically include, large software devel- 
opment projects, however, and thus fail 
to address the large majority of scientist- 
created code. 

Most significant may be the absence of 
a universal disclosure requirement by the 
gatekeepers of scientific publishing. Of the 
20 most-cited journals in 2010 from all 
fields of science (/5), only three (16—/8) 
(including Science) have editorial policies 
requiring availability of computer source 
code upon publication. This stands in stark 
contrast to near-universal agreement among 
the 20 on policies regarding availability of 
data and other enabling materials. 


Mechanisms of Code Dissemination 

Source code can be made available through 
a variety of mechanisms. Posting code for 
download on laboratory Web sites, deposi- 
tion in public code repositories, or making 
use of publisher facilities for supplemental 
materials are just a few existing options (6). 
Because of the complexity and unique char- 
acteristics of computer source code, how- 
ever, preserving the systems of attribution 
and citation that have evolved to accom- 
modate traditional channels of scientific 
publishing (e.g., data sets, journal articles, 
and lecture materials) requires additional 
measures. Fortunately, a variety of soft- 
ware licensing tools exist to help scientist- 
programmers retain the benefits of author- 
ship, as well as protect IP rights, when 
disseminating their code. 

Beyond allowing others to inspect and 
understand the inner workings of a com- 
puter program, open source software (OSS) 
licenses encourage the free adoption, reuse, 
and adaptation of computer source code 
while also assuring the attribution and cita- 
tions customary in scientific research. For 
the scientist-programmer, disseminating 
software under an OSS license can be a sim- 
ple method for enabling community partici- 
pation in development, use, and adoption of 
a program and can lead to enhanced influ- 
ence, reputation, and increased rates of cita- 
tion for the author (/9). Numerous types of 
OSS licenses exist to meet the diverse needs 
of academic environments, many of which 
were developed by and for academics work- 
ing at research institutions [e.g., Berkeley 
Software Distribution (20), MIT (2/), and 
Educational Community License (22)]. OSS 
licenses are also fully compatible with com- 
mercialization of scientist-created software 
(23) and Bayh-Dole requirements that allow 
the patenting of inventions created using 
public funds (24). 


Although OSS licensing options are well 
suited to the open access and dissemination 
goals of publically funded research (25-28), 
not every research software development 
effort will find OSS licensing an appropri- 
ate vehicle for source code dissemination. 
Many large, publicly funded research soft- 
ware development projects (29, 30) have 
found a mixture of standard OSS and cus- 
tom licensing to be appropriate means of 
achieving source code disclosure while also 
generating commercial licensing revenue. 


Eliminating the Disclosure Disparity 

As reliance on scientist-created software 
grows across scientific fields, the common 
practice of source code withholding carries 
significant costs, yields few benefits, and is 
inconsistent with accepted norms in other 
scientific domains. Changing this prac- 
tice will require concrete and unambiguous 
policy action (see the table). Less definitive 
disclosure policies are unlikely to achieve 
desired results. For example, a recent arti- 
cle (37) makes a persuasive case for the 
necessity of source code release in repro- 
ducing scientific results, but fails to lay out 
efficacious policy recommendations likely 
to achieve significant and timely change in 
withholding practices. 

Calls for change in disclosure practices 
from within the scientific community are 
not new. Similar actions, initiated by the 
research community and with the coopera- 
tion of publishers, have proven successful in 
the past. In the late 1980s, a group of struc- 
tural biologists petitioned journal editors to 
help end then-common data-withholding 
practices by making the deposition of pro- 
tein structure data into public databases a 
condition of publication (32). As a result, 
today, the Worldwide Protein Data Bank 
(33) is a vital enabling resource for the bio- 
medical research community that has helped 
fuel the emergence of multiple fields. 

More recently, the field of genomics 
underwent a community-driven consensus 
process on data publication and availabil- 
ity. The resulting “Bermuda principles” (34) 
state that data should be publicly released 
prior to publication, within 24 hours of gen- 
eration. Similar principles have since been 
adopted by other publicly funded ’omics ini- 
tiatives, including structural genomics (35). 

The parallels between past and cur- 
rent debates over data withholding and the 
agreed solutions in favor of disclosure and 
publication are striking. Requiring that 
source code be made available upon publi- 
cation would also be expected to yield sub- 
stantial benefits—including improved code 


quality, reduced errors, increased reproduc- 
ibility, and greater efficiency through code 
reuse and sharing. Achieving this would 
bring disclosure and publication require- 
ments for computer codes in line with other 
types of scientific data and materials. 
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Revitalizing Remyelination— 
the Answer Is Circulating 


Stephanie A. Redmond and Jonah R. Chan 


alled off by bone 
and the blood- 
brain barrier, 


the central nervous system 
(CNS) is protected from 
many physical and chemi- 
cal dangers that threaten 
more exposed tissues. But 
while many tissues heal and 
regain function after injury 
or disease, the nervous sys- 
tem is notoriously poor at 
repair, even more so as we 
age. Because the CNS oper- 
ates in near isolation from 
other systems, its failure to repair and regen- 
erate has long been attributed to cell-intrinsic 
shortcomings that become more limited over 
time. But Ruckh ef al. (/) suggest that cells 
of the CNS may not be so intrinsically lim- 
ited in repair and that enhancing exposure of 
the damaged brain or spinal cord to benefi- 
cial factors in the blood could aid recovery in 
injury and disease. 

Why does the capacity for CNS repair 
degenerate with age? In the autoimmune 
disease multiple sclerosis, for instance, it is 
thought that remyelination of neuronal axons 
is painfully slow and incomplete in adults 
because oligodendroglia (myelin-producing 
cells of the CNS) are increasingly less sensi- 
tive to promyelinating cues (2). But Ruckh 
et al. show that the remyelination potential 
of oligodendroglia in demyelinated spinal 
lesions of old mice is boosted by recruitment 
of peripheral circulating innate immune 
cells (macrophages) from young mice. The 
authors induced a demyelinated lesion in 
an old mouse to assess remyelination over 
time. They uncoupled oligodendroglial cell- 
intrinsic factors from systemic factors in 
blood that may affect remyelination by using 
heterochronic parabiosis, a surgical tech- 
nique that joins the circulatory system of an 
old wild-type mouse with that of a young 
mouse (genetically engineered to ubiqui- 
tously express green fluorescent protein). If 
adult-derived oligodendroglia intrinsically 
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lose remyelination 
capacity as the ani- 
mal ages, exposing 

the lesion to circulating blood from a young 
mouse would not affect the extent of remy- 
elination. Surprisingly, the old-young mouse 
pairs exhibited enhanced remyelination that 
depended on the recruitment of circulating 
macrophages from the young mouse. Expo- 
sure to the young mouse circulation is also 
required, as genetically preventing “young” 
macrophage recruitment only partially pre- 
vented the effect. These results suggest that 
resident “old” oligodendroglia retain con- 
siderable potential to proliferate, differen- 
tiate, and remyelinate even as they age, but 
age-related changes in the systemic milieu 
and reductions in resident and/or recruited 
macrophage phagocytic capacity restrict this 
reparative potential (see the figure). 

Little is known about aging effects on the 
immune system, but it has been suggested 
that macrophages become less efficient with 
age and their decreased activity may con- 
tribute to age-related chronic inflammation 
(2, 3). This, combined with lower efficacy of 
pathogen clearance, could result in prolonged 
exposure of CNS cells to harmful amounts 
of detrimental cytokines. Recently, similar 
heterochronic parabiosis experiments identi- 
fied increased concentrations of the cytokine 
CCL11 in healthy aged mice as sufficient to 
inhibit adult neurogenesis in young mice and 
induce cognitive deficits (4). 

Additionally, the accumulation of cellu- 
lar debris and/or plaques (insoluble fibrous 
protein aggregates) in the CNS is thought 
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Aged oligodendroglia in the mouse central 
nervous system are competent to repair 
neural injury when exposed to “youthful” 
circulatory factors. 


Demyelinated axon 


Myelin debris 


Reversing aging effects. The circulatory sys- 
tem of an “old” mouse (gray) with a demyelinated 
lesion was surgically joined with that of a healthy 
“young” mouse (white) (2). The old mouse exhib- 
ited enhanced remyelination relative to the control, 
an old-old mouse pair. Remyelination depended on 
the recruitment of circulatory factors from the young 
mouse, including macrophages. Resident “old” oli- 
godendroglia retain remyelination potential even as 
they age, but macrophage-mediated clearance of 
inhibitory myelin debris from the lesion may become 
impaired. 


to inhibit neuronal repair and regeneration, 
as well as promote degeneration. For exam- 
ple, the accumulation of brain B-amyloid 
plaques in Alzheimer’s disease leads to neu- 
ronal death and cognitive deficits. Consistent 
with the findings by Ruckh et al., stimulating 
phagocytic clearance of B-amyloid protects 
against neuronal death and facilitates cogni- 
tive recovery (5). Ruckh et al. suggest a link 
between age-related accumulation of dam- 
aged-myelin debris and remyelination fail- 
ure. Such debris may be wrongly interpreted 
as healthy myelin, which might attenuate oli- 
godendroglial proliferation, migration, and/ 
or differentiation, resulting in a shortage of 
remyelinating oligodendrocytes (6-8). 
Maximizing macrophage recruitment to 
demyelinated lesions may be one avenue to 
support remyelination. Both CNS micro- 
glia (resident macrophages of the brain) and 
recruited macrophages are polarized to the 
anti-inflammatory, highly phagocytic “M2” 
activation state in demyelinated lesions, 
releasing cytokines that may also directly 
support remyelination (3, 9). “Young” mac- 
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rophages recruited to “old” lesions may res- 
cue age-related decreases in the phagocytic 
capacity of “old” macrophages or in their 
secretion of cytokines that promote repair. 
The study by Ruckh ef al. suggests that 
the age-related deficits in remyelination are 
not solely attributable to the cell-intrinsic 
capacity of “old” oligodendroglia, but are 
influenced by extrinsic factors outside the 
brain and spinal cord. Whether remyelin- 
ation-promoting serum factors are contrib- 
uted by the young mouse or remyelination- 
inhibitory serum factors from the old mouse 
are sufficiently diluted as a result of para- 
biosis to allow for enhanced remyelination 


remains to be determined. The nature of 
the effect of the youthful macrophages (if 
any) on the activation of endogenous older 
microglia, and the cytokine(s) involved, also 
should be clarified. Such further character- 
ization would provide valuable insight into 
the aging immune system. 

The findings of Ruckh et al. suggest 
that maximizing intrinsic oligodendroglial 
myelinogenic potential by altering the local 
lesion environment could be a promising 
therapeutic target to promote repair in dis- 
eases such as multiple sclerosis. Whereas 
research concerning myelin repair has tradi- 
tionally focused on dampening the immune 


system and promoting differentiation of oli- 
godendroglia, it may be that the keys to effi- 
cient remyelination reside in the circulation. 
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The Strangest Terrestrial Planet 


William B. McKinnon 


very great planetary mission makes 
Hssessin discoveries, and NASA’s 

MESSENGER mission has made 
more than its share (/—3). Now new reports 
on Mercury’s gravity field and topography, by 
Smith ef al. on page 214 (4) and by Zuber et 
al. on page 217 (5), respectively, up the ante, 
showing Mercury to be utterly unique among 
the terrestrial planets. The combination of 
detailed gravity measurements and high- 
precision topography is even more powerful, 
yielding the first views of Mercury’s inner 
layering and mechanical structure. 

MESSENGER has been orbiting Mercury 
for just over a year. Each elliptical polar cir- 
cuit brings the spacecraft swooping low over 
the planet’s northern hemisphere and then, to 
reduce the heat load from the broiling sur- 
face, allows the spacecraft to retreat to a safe 
distance at its southernmost excursion. Cor- 
respondingly, measurements of the gravity 
field (derived from radio tracking) and the 
topography (derived from laser altimetry) are 
most accurate over the northern hemisphere. 
But the implications are global. 

The global gravity field, specifically its 
second-degree components (in a spherical 
harmonic sense), measures the differences 
between Mercury’s principal moments of 
inertia. Although such findings are interest- 
ing in their own right, what inquiring plan- 
etary scientists really want to know is the 
actual moment of inertia, which is a major 
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constraint on Mercury’s interior construc- 
tion (especially because seismic data, in 
hand for Earth and the Moon, are quite a 
ways off for Mercury). A remarkable series 
of Earth-based radar measurements have pre- 
cisely located Mercury’s spin pole as well as 
detected a libration or oscillation in Mercu- 
ry’s spin rate (6). When used in combination 
(7), Smith et al. are able to determine both the 
normalized moment of inertia for Mercury 
(0.353 + 0.017) and the ratio of the moment 
of inertia of Mercury’s solid outer shell to 
that of the planet as a whole (5). By “solid 
outer shell” they mean that Mercury’s spin 
libration has confirmed that the outer “rocky” 


NASA's MESSENGER mission previously 
revealed that Mercury has a volcanic crust; 
now it finds evidence for an inner “anticrust.” 


Inside Mercury. Recent measurements suggest a 
rather unusual interior structure for Mercury. The 
rocky mantle is comparatively thin and is sand- 
wiched between a surface volcanic crust and an 
underplated iron-sulfide “anticrust.” The size of 
Mercury’s likely inner core of solid iron (plus dis- 
solved metallic silicon) is poorly constrained, as are 
possible immiscible zones in the molten outer core. 
How much of Mercury’s crust is volcanic, and how 
much (if any) may be a primitive flotation crust, is 
also unknown. 


mantle of Mercury floats on a layer of molten 
iron-nickel; convection in such a liquid, elec- 
trically conducting layer has long been sus- 
pected as being the cause of Mercury’s mag- 
netic dipole field (8). 

Mercury’s moment-of-inertia factor can 
be usefully compared with those of Earth and 
Mars—0.331 and 0.366, respectively (9)— 
and with that of a uniform sphere (0.40). That 
Mercury’s value is so large implies, given the 
planet’s high overall density (5430 kg m*°), 
that its iron core is much larger than previ- 
ously thought and much richer in lighter 
alloying elements. The most recent cosmo- 
chemical thinking suggests that these light 
elements could include both sulfur and sili- 
con (0, 1/1), and possibly calcium and mag- 
nesium as well (/2). For decades since the 
Mariner 10 flybys of Mercury in 1974 and 
1975, the internal structure of Mercury has 
been imagined to consist of a rocky shell 600 
km thick overlying an iron-nickel core with 
an 1800-km radius. Now Smith e¢ al. find that 
Mercury’s solid outer shell may be no more 
than 400 km thick (see the figure). If true, all 
of Mercury’s geological activity across the 
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past 4.5 billion years would be due to and 
contained within this modest carapace. For 
example, the limited dynamic range of mer- 
curian topography, detailed in Zuber et al., 
may stem from the lack of a deep mantle and 
deep-mantle processes. 

But there’s more. The moment of inertia 
of the outer solid layer is also high, giving 
an average density near 3650 kg nr? for the 
layer, appreciably higher than that of Earth’s 
upper mantle (about 3400 kg m*°). This is 
all the more remarkable given the paucity of 
iron and titanium in Mercury’s surface vol- 
canic rocks (/3, 14) [rocks whose elemental 
compositions have at long last been revealed 
by MESSENGER’s x-ray spectrometer (/4), 
now that the Sun has become active again]. 
Low-iron volcanic rocks imply low-iron, and 
thus low-density, mantle source rocks, mak- 
ing it very difficult to explain the overall high 
density. Smith et al. appeal to experimental 
results on highly chemically reduced metallic 
melts (/5) and the compositions of the highly 
reduced enstatite chondrite meteorite clan 
(Z0, 11). Cooling sulfide liquid, if sufficiently 
sulfur-rich, may not freeze out an inner core 
of solid iron (as thought to be occurring on 
Earth), but may plate out a layer of less dense 


iron sulfide to the base of the rock mantle (see 
the figure). The thickness of this “anticrust” 
may rival or exceed that of the traditional sur- 
face crust (lower-density rocks) (4). 

Smith ef al. rightly point out that such a 
basal sulfide layer, if real, could profoundly 
affect the external expression of Mercury’s 
magnetic field. It may also have important (if 
subtle) geological and geophysical effects, 
especially if it is of nonuniform thickness 
(which might be generated by impact basin 
formation or mantle convection). Using the 
topography in Zuber ef al., Smith et al. apply 
their gravity data to show that Mercury’s sur- 
face crust likely thins toward the north pole. 
Mercury’s northern polar region is also low- 
standing and a site of particularly extensive 
(but ancient) lava flooding. Although the 
present outline of the northern polar plains 
is ragged, such expanses of smooth plains 
on other planets (Procellarum on the Moon 
and Borealis on Mars) have inspired specula- 
tions of formative mega-impacts. In Mercu- 
ry’s case, and whatever their origin, the low- 
lying northern plains may now sit close to the 
geographic pole because of polar wander of 
Mercury’s outer shell (4). Planetary scientists 
will begin to consider how the anticrust might 


PERSPECTIVES 


have affected this and other processes. And 
they will have help—the MESSENGER mis- 
sion has been extended, and the BepiColombo 
mission will be launched in a few years. 
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COMPUTER SCIENCE 


Beyond Turing s Machines 


Andrew Hodges 


worth asking what was his most funda- 

mental achievement and what he left for 
future science to take up when he took his 
own life in 1954. His success in World War 
II, as the chief scientific figure in the British 
cryptographic effort, with hands-on respon- 
sibility for the Atlantic naval conflict, had a 
great and immediate impact. But in its ever- 
growing influence since that time, the prin- 
ciple of the universal machine, which Turing 
published in 1937 (/), beats even this. 

When, in 1945, he used his wartime tech- 
nological knowledge to design a first digital 
computer, it was to make a practical version 
of that universal machine (2). All computing 
has followed his lead. Defining a universal 
machine rests on one idea, essential to Tur- 
ing’s mathematical proof in 1936, but quite 
counter-intuitive, and bearing no resemblance 
to the large practical calculators of the 1930s. 


[: marking Alan Turing’s centenary, it’s 
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It put logic, not arithmetic, in the driving 
seat. This central observation is that instruc- 
tions are themselves a form of data. This vital 
idea was exploited by Turing immediately in 
his detailed plan of 1945. The computer he 
planned would allow instructions to operate 
on instructions to produce new instructions. 
The logic of software takes charge of com- 
puting. As Turing explained, all known pro- 
cesses could now be encoded, and all could be 
run ona single machine. The process of enco- 
dement could itself be automated and made 
user-friendly, using any logical language you 
liked. This approach went far beyond the 
vision of others at the time. 

Even more fundamental than the univer- 
sal machine is the concept of computability 
that Turing defined in 1936. His first step was 
to ask for a precise definition of “mechani- 
cal process,” and he proceeded by analyzing 
what it means for someone to follow a rule. 
In modern terms, “anything that can be done 
by acomputer program” was his answer, with 
the invention of the computer as a by-prod- 
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Whether all types of computation—including 
that of our own minds—can be modeled as 
computer programs remains an open question. 


uct. This leaves open the question of whether 
such an analysis would include absolutely 
everything that a material system (including 
brains) might be able to achieve. Ever since 
1936, this nagging question has been on the 
agenda, and it is still there. 

In 1939, Turing suggested that mathe- 
matical steps that are not rule-following, and 
so not computable, could be identified with 
mental “intuition” (3). However, he gave no 
discussion of whether the human brain was 
actually embodying uncomputable physical 
processes. Wartime experience led Turing ina 
different direction. His brilliant codebreaking 
algorithms, outdoing human guessing, stimu- 
lated the conviction that all mental operations 
must be computable, including those func- 
tions of the mind not apparently following 
methodical rules. His 1950 paper (4), most 
famous for the wit of the Turing test of intel- 
ligence (5), also included a careful discussion 
of computability. It set out a basic argument 
that if the brain’s action is computable, then 
it can be implemented on a computer, this 
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being a universal machine. In defending this 
point of view, Turing referred to what would 
now be called chaotic effects in the brain and 
argued that these did not prevent computer 
simulation. Notably, at this time Turing was 
also founding a new branch of mathemati- 
cal biology: He was applying the insights of 
an applied mathematician who was also one 
of the first to use a computer for simulating 
physical systems. 

In 1951, however, Turing gave a radio talk 
with a different take on this question, sug- 
gesting that the nature of quantum mechanics 
might make simulation of the physical brain 
impossible. This consideration can be traced 
back in Turing’s thought to 1932, when he first 
studied the axioms of quantum mechanics 
[see (6)]. Turing then took up renewed inter- 
est in quantum theory and noted a problem 
about the observation of quantum systems 
(now known as the quantum Zeno effect). 
With his death, this train of thought was lost, 
but the serious question of relating computa- 
tion to fundamental physics has remained. 

Since the 1980s, quantum computing has 
given a practical technological arena in which 
computation and quantum physics interact 
excitingly, but it has not yet changed Tur- 
ing’s picture of what is computable. There are 
also many thought-experiment models that 
explore what it would mean to go beyond the 
limits of the computable. Some rather trivi- 


ally require that machine components could 
operate with boundless speed or allow unlim- 
ited accuracy of measurement. Others probe 
more deeply into the nature of the physical 
world. Perhaps the best-known body of ideas 
is that of Roger Penrose (7). These draw 
strongly on the very thing that motivated Tur- 
ing’s early work—the relationship of mental 
operations to the physical brain. They imply 
that uncomputable physics is actually funda- 
mental to physical law and oblige a radical 
reformulation of quantum mechanics. 


Superficially, any such theory contradicts 
the line that Turing put forward after 1945. But 
more deeply, anything that brings together the 
fundamentals of logical and physical descrip- 
tion is part of Turing’s legacy. He was most 
unusual in disregarding lines between mathe- 
matics, physics, biology, technology, and phi- 
losophy. In 1945, it was of immediate practi- 
cal concern to him that physical media could 
be found to embody the 0-or-1 logical states 
needed for the practical construction of a 
computer. But his work always pointed to the 
more abstract problem of how those discrete 
states are embodied in the continuous world. 
The problem remains: Does computation with 
discrete symbols give a complete account of 
the physical world? If it does, how can we 
make this connection manifest? If it does not, 
where does computation fail, and what would 
this tell us about fundamental science? 
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COMPUTER SCIENCE 


Dusting Off the Turing Test 


Robert M. French 


old up both hands and spread your 
Hits apart. Now put your palms 
together and fold your two middle 
fingers down till the knuckles on both fin- 
gers touch each other. While holding this 
position, one after the other, open and close 
each pair of opposing fingers by an inch or 
so. Notice anything? Of course you did. But 
could a computer without a body and with- 
out human experiences ever answer that ques- 
tion or a million others like it? And even if 
recent revolutionary advances in collecting, 
storing, retrieving, and analyzing data lead to 
such a computer, would this machine qualify 
as “intelligent”? 
Just over 60 years ago, Alan Turing pub- 
lished a paper ona simple, operational test for 
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machine intelligence that became one of the 
most highly cited papers ever written (/). Tur- 
ing, whose 100th birthday is celebrated this 
year, made seminal contributions to the math- 
ematics of automated computing, helped the 
Allies win World War II by breaking top- 
secret German codes, and built a forerunner 
of the modern computer (2). His test, today 
called the Turing test, was the first operational 
definition of machine intelligence. It posits 
putting a computer and a human in separate 
rooms and connecting them by teletype to an 
external interrogator, who is free to ask any 
imaginable questions of either entity. The 
computer aims to fool the interrogator into 
believing it is the human; the human must 
convince the interrogator that he/she is the 
human. If the interrogator cannot determine 
which is the real human, the computer will be 
judged to be intelligent. 


Revolutionary advances in data capture, 
storage, retrieval, and analysis revive questions 
raised by the Turing test. 


In the early days of artificial intelli- 
gence (AJ), the Turing test was held up by 
many as the true litmus test for computa- 
tional intelligence (3, 4). However, workers 
in AI gradually came to realize that human 
cognition emerges from a web of explicit, 
knowledge-based processes and automatic, 
intuitive, “subcognitive” processes (5), the 
latter deriving largely from humans’ direct 
interaction with the world. It was argued, 
therefore, that by tapping into this subcog- 
nitive substrate—something a disembodied 
computer did not have—a clever interro- 
gator could unfailingly distinguish a com- 
puter from a person (6). By 1995, most seri- 
ous researchers in AI had stopped talking 
about machines passing Turing’s original, 
teletype-based test (7), let alone harder ver- 
sions involving testing visual, auditory, and 
object-manipulation abilities (8). The Turing 
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test had been, as one researcher put it, “con- 
signed to history” (9). 

However, two revolutionary advances in 
information technology may bring the Tur- 
ing test out of retirement. The first is 
the ready availability of vast amounts 
of raw data—from video feeds to 
complete sound environments, 
and from casual conversations to 
technical documents on every 
conceivable subject. The sec- 
ond is the advent of sophisti- 
cated techniques for collect- 
ing, organizing, and process- 
ing this rich collection of data. 
Two deep questions for AI arise 
from this new technology. The 
first is whether this wealth of 
data, appropriately processed, 
could be used by a machine to 
pass an unrestricted Turing test. 
The second question, first asked by Turing, is 
whether a machine that had passed the Turing 
test using this technology would necessarily 
be intelligent. 

Suppose, for a moment, that all the words 
you have ever spoken, heard, written, or 
read, as well as all the visual scenes and all 
the sounds you have ever experienced, were 
recorded and accessible, along with similar 
data for hundreds of thousands, even mil- 
lions, of other people. Ultimately, tactile, 
and olfactory sensors could also be added 
to complete this record of sensory experi- 
ence over time. Researchers at the cutting 
edge of today’s computer industry think that 
this kind of life-experience recording will 
become commonplace in the not-too-distant 
future (/0). Recently, a home fully equipped 
with cameras and audio equipment contin- 
uously recorded the life of an infant from 
birth to age three, amounting to ~200,000 
hours of audio and video recordings, rep- 
resenting 85% of the child’s waking experi- 
ence (//, 12). 

Assume also that the software exists to 
catalog, analyze, correlate, and cross-link 
everything in this sea of data. These data 
and the capacity to analyze them appro- 
priately could allow a machine to answer 
heretofore computer-unanswerable ques- 
tions that tap into facts derived from our 
embodiment or from our subcognitive asso- 
ciative networks, like the finger experiment 
that began this article or like asking native 
English speakers whether the neologism 
“Flugblogs” would be a better name for a 
start-up computer company or for air-filled 
bags that you tie on your feet for walking 
across swamps (6). Someone, somewhere 
has almost certainly done the finger experi- 
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ment and may well have posted their obser- 
vations about it to the Internet—or will do 
so after reading this article—and this infor- 
mation would be accessible to a data-gath- 
ering Web crawler. By extension, if a com- 
plete record of the sensory input that pro- 
duced your own subcognitive network over 
your lifetime were available to a machine, 
is it so far-fetched to think that the machine 
might be able to use that data to construct a 
cognitive and subcognitive network similar 
to your own? Similar enough, that is, to pass 
the Turing test. 

Computers are already extremely good 
at collecting and analyzing data from 8 bil- 
lion (and counting) Web pages, document 
databases, TV programs, Twitter feeds, etc. 
(73). In early 2011, IBM’s Watson (/4), a 
2880-processor, 80-teraflop (i.e., 80 trillion 
operations/s) computing behemoth with 15 
terabytes of RAM, won a Jeopardy challenge 
against two of the best Jeopardy players in 
history. Watson’s success was attributable, at 
least in part, to its meticulous study of Jeop- 
ardy-like answers and questions, but its per- 
formance was nevertheless astounding (/5). 
How much would be required to retool Wat- 
son for a no-holds-barred Turing test? 

The real challenge is not to store count- 
less petabytes (1 million gigabytes) of infor- 
mation, but to selectively retrieve and ana- 
lyze that information in real time. The human 
brain processes data in a highly efficient 
manner, requiring little energy and relying 
ona densely interconnected network of ~100 
billion relatively slow and imprecise neu- 
rons. It is still not known to what extent the 
mechanisms of neuronal firing and the pat- 
terns of neuronal interconnectivity are opti- 
mal for the analysis of the data stored in the 
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brain. IBM is betting that it just might be. 
The company recently unveiled a new gener- 
ation of experimental “neurosynaptic” com- 
puter chips, based on principles that underlie 
neurons, with which they hope to design 
cognitive computers that will “emulate 
the brain’s abilities for perception, 

action and cognition” (/6). 

Yes, you say, but data-crunch- 
ing computers will never be 
able to think about their own 
thoughts, which in the final anal- 
ysis is what makes us human. 
But there is nothing stopping the 
computer’s data-analysis pro- 
cesses, themselves, from also 
being data for the machine. Pro- 
grams already exist that self- 
monitor their own data process- 
ing (/7). 

All of this brings us squarely 
back to the question first posed by Turing 
at the dawn of the computer age, one that 
has generated a flood of philosophical and 
scientific commentary ever since. No one 
would argue that computer-simulated chess 
playing, regardless of how it is achieved, is 
not chess playing. Is there something fun- 
damentally different about computer-simu- 
lated intelligence? 


References and Notes 

1. A. Turing, Mind 59, 433 (1950). 

2. A. Hodges, Science 336, 163 (2012). 

3. H. Dreyfus, What Computers Still Can’t Do (MIT Press, 

Cambridge, MA, 1992). 
4. J. Haugeland, Artificial Intelligence, the Very Idea (MIT 
Press, Cambridge, MA, 1985). 

5. D.R. Hofstadter, Metamagical Themas (Basic Books, 

New York, 1985), pp. 631-665. 

R. M. French, Mind 99, 53 (1990). 

R. M. French, Trends Cogn. Sci. 4, 115 (2000). 

. §. Harnad, Minds Mach. 1, 43 (1991). 

. B. Whitby, in Machines and Thought: The Legacy of Alan 
Turing, P. Millican, A. Clark, Eds. (Oxford Univ. Press, 
Oxford, 1996), pp. 53-63. 

10. G. Bell, J. Gemmell, Total Recall: How the E-Memory 
Revolution Will Change Everything (Dutton, New York, 
2009). 

11. D. Roy et al., in Proceedings of the 28th Annual Confer- 
ence of the Cognitive Science Society, R. Sun, N. Miyake, 
Eds. (Erlbaum, Mahwah, NJ, 2006), pp. 2059-2064. 

12. www.media.mit.edu/research/groups/1446/human- 
speechome-project 

13. D. Talbot, “A Social-media decoder,” Technol. Rev. 
(Nov/Dec. 2011); www.technologyreview.com/ 
computing/38910/. 

14. D. Ferrucci et al., Al Mag. 31, 59 (2010). 

15. R. Kurzweil, “Why IBM's Jeopardy victory matters,” PC Mag. 
(2011); www.pcmag.com/article2/0,2817,2376035,00.asp. 

16. See www-03.ibm.com/press/us/en/pressrelease/35251. 
wss, posted on 18 August 2011. 

17. J. Marshall, J. Exp. Theor. Artif. Intell. 18, 267 (2006). 

18. This work was supported in part by ANR grant 
10-065-GETPIMA. Thanks to D. Dennett, M. Weaver, and 
especially M. Mitchell for comments on an early draft of 
this article. 


OND 


10.1126/science.1218350 


13 APRIL 2012 


165 


Downloaded from www.sciencemag.org on April 12, 2012 


166 


PERSPECTIVES 


CELL BIOLOGY 


ESCRTing DNA at the Cleavage Site 
During Cytokinesis 


Mark Petronczki' and Frank UhImann? 


ollisions are only good business for 
insurance companies. During cell 
division, collisions between separat- 
ing chromosomes and the cytokinetic appara- 
tus, which physically divides the two daugh- 
ter cells, must be avoided to prevent cata- 
strophic consequences for genome stability 
(/). Cytokinesis follows the separation of sis- 
ter genomes, which are pulled to opposite cell 
poles, and involves splitting the cytoplasm by 
the ingression of a cleavage furrow followed 
by a terminal membrane fission event called 
abscission (2). Recent work has identified a 
monitoring system that prevents cell separa- 
tion while chromatin lingers in the division 
plane (3, 4). At the heart of it lies a conserved 
protein kinase, Aurora B. On page 220 in this 
issue, Carlton et al. identify CHMPA4C, a sub- 
unit of the ESCRT-III (endosomal sorting 
complex required for transport) complex, as 
a key target of Aurora B that delays abscis- 
sion and prevents DNA damage if chromatin 
bridges persist in human cells (5). 
Cytokinesis is initiated by a contractile 
ring of actin and myosin filaments that drive 
the ingression of the cleavage furrow at the 
cell equator. Constriction proceeds until the 
membrane forms an intercellular bridge 
covering the midbody, a dense protein- 
aceous structure that emerges from the ana- 
phase spindle (see the figure). The midbody 
now serves as a recruitment platform for 
abscission factors including the ESCRT-HII 
complex. ESCRT-III forms filaments around 
the abscission site that might eventually 
contract and break the connection between 
nascent daughter cells (6, 7). The midbody 
region is also where Aurora B resides during 
cytokinesis. As part of the NoCut pathway in 
budding yeast, Aurora B promotes associa- 
tion of two anillin-like proteins with the con- 
tractile ring to delay abscission in response 
to chromatin at the cleavage site (3, 8). How 
Aurora B controls the timing of abscission 
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During cell division, Aurora B prevents 
collisions between chromatin and the 
cytokinetic apparatus by targeting 

the ESCRT-III subunit CHMP4C. 
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Caught in the middle. Thin-section electron micrograph of a HeLa cell cytokinetic furrow shows chromatin 
trapped in the cleavage plane (provided by Sergey Lekomtsev). Schematic model depicts how Aurora B kinase 
at the midbody arms, activated by lagging chromatin, phosphorylates CHMP4C to cause its localization to 
the Flemming body where it delays abscission. Aurora B also activates condensin to compact chromosomes 


in order to clear the cleavage plane. 


in human cells was not known. 

Carlton et al. have now made big strides 
toward explaining the mechanism by which 
Aurora B achieves this (5). They investi- 
gated the role of an ESCRT-III subunit called 
CHMP4, which exists in three isoforms. One 
of these isoforms, CHMP4C, was found to 
act as a negative regulator of cytokinesis by 
delaying abscission if chromosome bridges 
persist. Aurora B targets a unique short C-ter- 
minal insertion in CHMPAC, and, upon phos- 
phorylation, CHMP4C localizes to the cen- 
tral region of the midbody known as the Flem- 
ming body (see the figure), where it delays 
abscission in response to chromatin bridges 
and thus prevents DNA damage (5). These 
findings suggest that Aurora B puts a brake 
on abscission in human cells by promoting 
recruitment of CHMP4C to the Flemming 
body. The mechanism by which CHMP4C 
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delays abscission merits future investigation. 
Does CHMP4C prevent ESCRT-III filament 
assembly or contraction? Another important 
question is whether additional mechanisms 
exist that promote longevity of the intercel- 
lular bridge to prevent furrow regression and 
cytokinesis failure, an error with devastating 
consequences for genome stability (9, /0). 

In addition to controlling abscission, 
Aurora B also prevents collisions between 
chromosomes and the cytokinetic apparatus 
by helping to move chromosomes out of the 
cleavage plane. Normally, the chromosomal 
condensin complex shortens chromosome 
arms to prevent them from becoming trapped 
in the cleavage furrow during anaphase. The 
condensin complex accumulates on chroma- 
tin bridges if they persist, and phosphoryla- 
tion of condensin by Aurora B enhances chro- 
mosome compaction (//—/3). This should 
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help to clear chromosomes from the cleavage 
plane. Thus, Aurora B lies at the heart of at 
least two pathways that coordinate chromo- 
some segregation with cytokinesis in yeast 
and mammalian cells. 

How does Aurora B sense trailing chro- 
matin? The NoCut pathway in budding yeast 
can be activated by ectopically bringing 
Aurora B into contact with chromatin, which 
suggests that spatial proximity with chro- 
matin generates the signal to delay abscis- 
sion (8). Another important open question is 
how collision of the contractile machinery 


with chromatin causes DNA damage. Is this 
simply because of physical forces exerted by 
the contractile machinery or other biochem- 
ical processes that are linked to cytokinesis? 
The mechanism uncovered here (5) reveals 
one way that cells avoid becoming a case for 
the insurance. 
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Wiping Drug Memories 


Amy L. Milton and Barry J. Everitt 


he tendency to relapse in individuals 

who are trying to remain abstinent is 

a major, but as yet unrealized, treat- 
ment target for drug addiction. On page 241 
in this issue, Xue et al. (1) suggest that the 
memories elicited by drug cues and contexts 
can be diminished, thereby reducing their 
impact on relapse in both animals and peo- 
ple addicted to drugs. 

Memories persist through the process of 
reconsolidation (2). When retrieved, a pre- 
viously consolidated memory can enter a 
labile state in which new information can be 
introduced, before the memory restabilizes 
to persist in the brain, in its new updated 
form (3). By reexposing addicts to drug 
cues, a process similar to “cue-exposure 
therapy” (4), Xue et al. have manipulated 
the memory-updating process to overwrite 
the original memory and thereby reduce the 
risk of relapse in the long term. Rather than 
solely inducing memory extinction—the 
formation of a new “cue—no drug” memory 
that competes with the original “cue-drug” 
memory—the authors have used “extinc- 
tion within the reconsolidation window” to 
reduce drug-seeking. A similar procedure 
for cue-fear memories has been shown to 
reduce fear in rats and humans (5, 6). 

The authors used two models of drug 
use in rats that allow associations to form 
between stimuli (cues) and contexts, and 
two addictive drugs, cocaine and heroin. In 
the acute model, rats received injections of 
either cocaine or heroin in a specific envi- 
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ronment or control injections in another 
environment. Subsequently, their prefer- 
ence for the drug-paired environment, tested 
when the rats were drug-free, provided a 
measure of their drug memory. Animals 
were reexposed to the drug-paired environ- 
ment to reactivate the cue-drug memory and 
after a delay of 10 min, | hour, or 6 hours, 
they were exposed continuously to the same 
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drug memory 
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retrieval 


A nonpharmacological approach alters 
the memory of drug exposure in rats 
and has implications for treating relapse 
in human addicts. 


drug environment (but given no drug) to 
engage memory extinction processes. Only 
in the 10-min and |-hour groups was subse- 
quent preference for the drug environment 
abolished, and it did not return even after 
“reminder” injections of the drug. 

This apparent loss of drug memory 
was also observed in a more complex drug 
self-administration model, which more 
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Decreasing craving and relapse. A nonpharmacological method that weakens original cue-drug memories 
can decrease drug craving and relapse in abstinent heroin addicts (2). Heroin addicts associate drug cues and 
contexts with the addictive drug effect, establishing a drug memory. If a heroin addict (who has undergone 
detoxification) is shown images of drug-associated cues (such as drug paraphernalia) over an extended time 
period, this engages memory extinction processes, but this procedure does not erase the original cue-drug 
memory and the cravings can return. However, if the addict undergoes a brief “memory reactivation session” 
10 min before extinction, this engages a memory reconsolidation process, which updates the old memory. 
The result is a greatly diminished “drug memory” later on, and drug cravings are reduced. 
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closely approximates addictive behavior in 
humans. Rats were trained to self-adminis- 
ter either cocaine or heroin, in the presence 
of drug-associated cues, over an extended 
period during which cue-drug memo- 
ries were formed (7, 8). The animals then 
either underwent only extinction training or 
received a brief cue-drug memory-reactiva- 
tion session 10 min before extinction train- 
ing. When assessed | month later, only the 
group that had received the reminder and 
extinction showed a reduced tendency to 
resume drug-seeking behavior following 
exposure to either drug-associated cues or 
a reminder injection of cocaine or heroin. 
Furthermore, although extinction train- 
ing occurred in a different environment 
to that of self-administration training, the 
resumption of drug seeking was reduced 
in the original self-administration environ- 
ment. Thus, the usual context specificity of 
extinction (9) was overcome, suggesting 
that it may be possible to treat individuals 
in the clinic, with the beneficial effects of 
the treatment realized in the now-abstinent 
drug user’s environment. 

Remarkably, the authors successfully 
translated the approach of manipulating 
reconsolidation and extinction to a popu- 
lation of heroin addicts (see the figure). 
Three groups of patients, having undergone 
heroin detoxification, were briefly exposed 
to either a drug-relevant video or a control 
video followed, 10 min or 6 hours later, by 
60 min of heroin cue extinction (they were 
exposed to imagery and drug parapherna- 
lia, but given no drugs). Subjective crav- 
ing and physiological responses (heart rate 
and blood pressure) were measured from | 
to 184 days later. Only the group that had 
the 10-min delay between the heroin video 
and extinction showed a marked reduction 
in craving and blood pressure after presenta- 
tion of heroin-associated cues at every time 
point tested. 

Although an increasing amount is known 
about the cellular and molecular mecha- 
nisms underlying reconsolidation (/0, //) 
and extinction (/2)—e.g., both depend 
upon activation of N-methyl-p-aspartate 
(NMDA) receptors and intracellular sig- 
naling pathways—little is known about the 
nature of the interaction between reconsol- 
idation and extinction that would explain 
why the extinction observed in this proce- 
dure is so profound and escapes its usual 
context specificity (9). Xue et al. point to 
a possible involvement of the atypical pro- 
tein kinase C isoform PKMC, a scaffold pro- 
tein that maintains &-amino-3-hydroxy-5- 
methyl-4-isoxazolepropionic acid (AMPA) 


receptors in potentiated synapses (/3) and 
so may reflect the structural changes in neu- 
rons that support a stabilized memory (/4). 
Extinction training increased PKMC expres- 
sion in the infralimbic cortex, which has 
long been implicated in the extinction of 
drug memories (/2), and this increase was 
further enhanced by a memory reminder 
session before extinction training, perhaps 
strengthening extinction. Likewise, extinc- 
tion reduced the expression of PKMC in the 
basolateral amygdala, an area critical for the 
reconsolidation of cue-drug memories (//), 
and this was further reduced by a memory 
reminder session before extinction training, 
perhaps suggesting impaired reconsolida- 
tion. How these changes occur, how they 
relate to each other, and whether they are 
causal in the apparent, subsequent amnesia 
remain to be investigated. 

Perhaps the most remarkable aspect of 
these findings is that the effects of a purely 
behavioral manipulation in rats that in no 
sense were “addicted” translate so readily to 
patients who have been addicted to heroin 
for more than 9 years. This is especially so 
considering that even in the animal model 
with longer, 10-day drug self-administration 
histories, drug-taking behavior itself was 
explicitly extinguished, although no analo- 
gous process occurs either in the real-world 


environment of those addicted to drugs, or 
in the clinical study, in which there was only 
passive exposure to drug memory-eliciting 
stimuli. With these conundrums in mind and 
the obscure molecular mechanism, the find- 
ings nevertheless encourage the view that 
targeting maladaptive memories that play an 
important role in the persistence of addic- 
tive behavior may provide a new avenue for 
treatment interventions (15). 
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Monkey See, Monkey Read 


Michael L. Platt and Geoffrey K. Adams 


Baboons can distinguish between written words and nonwords. 


eading great literature provides a 
Rinnsst approach to understand- 
ing one’s nature and place in history. 
Likewise, the scientific study of the biological 
bases of reading may provide insights into the 
origins of human cognition. On page 245 of 
this issue, Grainger ef al. (7) show that these 
biological mechanisms may be rooted much 
deeper in human evolutionary history than 
previously supposed (see the first figure). 
Biological approaches to cognition pro- 
pose that specialized neural modules evolved 
to solve specific problems encountered in 
the physical or social environment, such as 
identifying and remembering the faces of 
the members of one’s group. However, read- 
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ing and writing appeared too recently and 
spread too rapidly within and between pop- 
ulations to have required genetic changes to 
support it. In a striking example, the writing 
system for Cherokee, a previously unwrit- 
ten language, was invented in the early 19th 
century, and was widely learned and used 
in Cherokee society within one generation 
(2). Clearly, reading is supported by neural 
mechanisms that are much older than the 
behavior itself and that presumably evolved 
before the human diaspora from Africa. 
Ultimately, reading depends on language. 
But at what stage in the process of translating 
written symbols into meaning is language 
necessary? Some insight is provided by the 
observation that animals can learn to dis- 
criminate letters from one another; pigeons 
even seem to do so in a manner resembling 
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letter discrimination by humans. Presum- 
ably, then, the identification of letters is a 
visual problem, not a linguistic one (3). In 
languages like English that are written with 
an alphabet, letters represent the sounds that 
make up words; the processing of a sequence 
of letters into a word builds on the process- 
ing of a sequence of sounds in speech. By 
contrast, in pictographic writing systems like 
Chinese, symbols directly (and often iconi- 
cally) represent specific words or ideas. In 
either case, orthographic processing of indi- 
vidual elements would appear to be the first, 
critical speech-dependent step in reading. 

The evidence reported by Grainger ef al. 
challenges this speech-based model of read- 
ing. The authors developed a task to assess 
whether baboons can successfully perform 
orthographic processing. To receive a food 
pellet reward, the baboons had to discrimi- 
nate four-letter English written words from 
nonwords of the same length. Nonwords 
were constructed of letter combinations that 
were rare in the sample of English words. The 
baboons were able to learn not only a specific 
list of words, but also to predict whether a 
new letter sequence was a real English word 
or not. Presumably, the baboons learned the 
statistics of letter combinations in the four- 
letter English words and used this informa- 
tion to perform the task. Because baboons 
do not speak any human language, this find- 
ing strongly suggests that the speech-based 
model of reading may be at best incomplete 
and possibly wrong. 

An alternative is that reading taps into 
neural circuits that evolved 
to support other functions 
found in humans and our pri- 
mate cousins. Recent brain 
imaging studies indicate that 
a specific, reproducible set of 
brain areas is activated dur- 
ing reading (see the second 
figure) (4). Some of these are 
also activated by spoken lan- 
guage, but the visual word 
form area (VWFA), in the left 
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occipitotemporal sulcus region, is selectively 
activated by reading written characters and 
not by recognizing spoken words or simple 
visual stimuli. The VWFA appears to develop 
with experience; activation levels in this area 
in children and adolescents (7 to 18 years old) 
predict word-phoneme decoding abilities (5). 

Given that until recently, few people 
learned to read, the VWFA cannot have 
evolved specifically to support reading. 
Dehaene and Cohen (6) have argued that 
brain circuits that evolved to serve one pur- 
pose are often “recycled” in humans to sup- 
port new, culturally specified functions. 
Such neuronal recycling places strong con- 
straints on which neural circuits come to 
mediate new behaviors, such as reading, 
through experience. 
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Selective activation. As human 
subjects view stimuli that more 
closely approximate words, brain 
activity increases in left but not 
right anterior occipitotemporal 
cortex, the VWFA (4). The color 
scale reflects brain response to 
nonwords normalized to brain 
response to words; cooler colors 
indicate greater selectivity for 
words. The bar plots record aver- 
age brain response to each class 
of stimuli. 
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FF: False font (e.g., YXN¥NN) 

IL: Infrequent letters (e.g., JZWYWK) 

FL: Frequent letters (e.g., QOADTQ) 

FB: Frequent bigrams (e.g., QUMBSS) 
FQ: Frequent quadrigrams (e.g., AVONIL) 
W: Words (e.g., MOUTON) 


Average activation evoked by 
nonword stimuli (expressed as 
a percentage of the activation 
evoked by words) 
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Another story? Grainger et al. show that humans and 
nonhuman primates share a basic visual capacity for 
orthographic processing. 


Support for this idea comes from the 
observation that in all alphabets, letters are 
made up of roughly three strokes; this might 
be related to the physiological architecture 
of neurons in the primate visual system. At 
successively higher levels of visual cortex, 
neurons reassemble the visual scene from 
simple fragments into elementary shapes 
that can be combined to form any object 
(7). Some of these neurons respond to the 
intersection of lines that resemble letters 
like T or Y. By matching the appearance of 
letters to the inherent structure of the neu- 
rons involved in recognizing elementary 
objects, writing systems could be more eas- 
ily learned and were thus more likely to sur- 
vive and spread through a culture. 

Grainger et al.’s finding that baboons can 
learn to parse English words from nonwords 
has important implications for human health 
and education. Dyslexia, a neurological dis- 
order characterized by difficulties in reading 
not caused by problems with vision, hear- 
ing, or poor education, affects between 2 
and 20% of any literate population; up to 40 
million persons in the United States struggle 
with difficulties in reading (8). Given that 
reading and writing were invented at most 
5400 years ago, and many millions of people 
in various cultures never learn to read, it is 
puzzling that dyslexia is considered a neuro- 
logical disorder with biological causes. The 
observation that the neural circuits involved 
in reading and writing are not hard-wired 
may explain why most people with dyslexia 
can learn to read, albeit sometimes more 
slowly and with less fluidity than people 
without dyslexia. The very plasticity that 
enabled humans to invent reading and writ- 
ing can be harnessed to overcome dysfunc- 
tions in the underlying neural circuitry. 
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RETROSPECTIVE 


F. Sherwood Rowland (1927-2012) 


Ralph J. Cicerone,’ Mario J. Molina,” Donald R. Blake* 


Sherwood (“Sherry”) Row- 
E land died on 10 March at age 
e 84. He was a distinguished 
scientist, first in physical chemistry 
and radiochemistry as a hot-atom 
chemist and later as an atmospheric 
chemist (/). He was also famous for 
his leadership in discovering and pub- 
licizing the danger to the ozone layer 
posed by continued human release of 
chlorofluorocarbons (CFCs). 

The research that led Sherry 
Rowland to become a public figure 
began with curiosity. In the early 
1970s, CFCs were an industrial suc- 
cess story as near-ideal refrigerants and as 
propellants in many aerosol-spray products. 
Ata 1972 Atomic Energy Commission con- 
ference, Rowland heard that James Love- 
lock had detected CFC-11 in air over the 
North and South Atlantic Ocean. Rowland 
wondered what would eventually happen to 
this synthetic chemical in the atmosphere. In 
1973, one of us (M.J.M.) joined Rowland at 
the University of California (UC) at Irvine. 
As chemists, Rowland and Molina knew 
that CFCs had been designed to be inert and 
nonsoluble and were, thus, unlikely to be 
decomposed by common atmospheric pro- 
cesses. However, they realized from labora- 
tory data and chemical insight that the CFCs 
would be decomposed by ultraviolet light 
(wavelengths below 220 nm) in the upper 
atmosphere, above much of the ozone layer. 

Rowland and Molina continued their 
detective work, asking what would become 
of the fragments of CFCs: carbon, chlorine, 
and fluorine atoms. They discovered that 
chlorine attacks ozone catalytically and that 
continued release of CFCs into the atmo- 
sphere could destroy substantial amounts 
of the global ozone layer. After confirming 
that there were no errors in the calculations, 
they publicized these results at a press con- 
ference in September 1974, soon after their 
first paper on the topic was published. In 
his many subsequent interviews and pub- 
lic appearances, Rowland was unfailingly 
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polite and clear, and he never exaggerated. 
Consequently, his credibility grew. 

A great deal of media and public atten- 
tion in CFCs ensued, especially between 
1974 and 1978, including hearings in state 
legislatures, city councils, and the U.S. Con- 
gress. While Cicerone and Molina testified 
at a number of these hearings, Rowland was 
particularly generous with his time when 
asked for comments or advice by legislators 
who were considering laws or regulations 
concerning the production, sale, and distri- 
bution of CFCs. 

During this time of intense public debate, 
Rowland and Molina discovered a compli- 
cation to the originally proposed chemical 
mechanism by which chlorine would destroy 
ozone: It became clear that chlorine nitrate 
would form in the atmosphere, thereby link- 
ing reactions of chlorine oxides and nitrogen 
oxides. This insight led to a brief period of 
uncertainty about the impact of CFC-derived 
chlorine on ozone, due to two factors: The 
three-molecule reaction rate to form chlo- 
rine nitrate in the lower stratosphere was 
not known with sufficient accuracy, and the 
mathematical techniques in use at the time 
in some mathematical models were unsuit- 
able. Both issues were resolved within a 
few months. It was extremely important that 
this modification to the originally proposed 
reaction scheme was introduced by Row- 
land and a colleague (M.J.M), not by a critic 
of the theory. 

By the time the Antarctic ozone hole was 
discovered in 1985, Rowland had already 
raised the idea that hydrogen chloride and 
chlorine nitrate were unlikely to undergo 
only gas-phase reactions; laboratory stud- 
ies had shown them to be “sticky,” surface- 


A Nobel Prize-winning atmospheric chemist 
instrumental in discovering and publicizing 
the role of chlorofluorocarbons in ozone 
destruction. 


reactive chemicals. Later, surface reactions 
of these two chlorine-containing species 
were shown to be responsible for releas- 
ing active chlorine into the Antarctic strato- 
sphere and destroying ozone. 

In many public appearances, Rowland 
presented his case that continued use of 
CFCs would greatly diminish the ozone 
layer, thereby increasing the intensity of 
biologically damaging ultraviolet light at 
Earth’s surface. He was always up-to-date 
scientifically, and he showed his data: Those 
who opposed him had few easy opportuni- 
ties to discredit him. He also became very 
active in evaluating atmospheric ozone 
data, searching for the predicted decreas- 
ing trends. With his students, including one 
of us (D.R.B.), he published analyses of air 
samples from all over the word, showing 
that atmospheric methane concentrations 
were rising. 

Sherry Rowland contributed enor- 
mously to the public understanding and 
credibility of science. Along the way, he 
was President of the American Association 
for the Advancement of Science (1993 to 
1994); the AAAS building reflects his work 
with its designers. He insisted on a human- 
friendly design and no CFC-based refrig- 
erants. He also served as foreign secretary 
of the U.S. National Academy of Sciences 
(1994 to 2002), was instrumental in starting 
the field of atmospheric chemistry, and was 
a founding faculty member of UC Irvine. 
In 1995, he was awarded the Nobel Prize in 
Chemistry (with Paul J. Crutzen and Mario 
J. Molina). His many friends treasured his 
affinity for operatic music, his interest in 
sports (he had played semiprofessional 
baseball and basketball), and his occasion- 
ally memorable jokes. 

Sherry Rowland’s engaging personality 
was obvious, but nowhere more so than in a 
tense 1986 U.S. Senate hearing. Asked what 
he would do, if he were king, about the wide- 


spread usage of CFCs in light of their threat ; 


to stratospheric ozone, he replied, turning to 
his wife, Joan: “I would ask the queen.” 
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INTRODUCTION 


Does It Compute? 


A DISCUSSION OF COMPUTATIONAL BIOLOGY HAS TO START WITH A PIONEER OF THE 
field, Alan Turing, especially in this centennial year of his birth. He introduced 
us to the digital computer and proposed that much biology could be described 
by mathematical equations—the number of spirals in a sunflower is a Fibonacci 
number and pattern formation in animal skins can be described by a reaction 
diffusion model. Turing lacked the data and the computing power to substanti- 
ate his models. Today, the availability of vast quantities of new data, together 
with striking advances in computing power, is promising to give us new insights 
into the mechanisms of life. This special section, together with related content 
in Science Signaling and Science Careers, highlights recent advances and out- 
standing challenges. 

Models that simulate biological processes can be characterized both by their 
level of biological detail and by their mathematical complexity. Mogilner ef al. 
(p. 175) describe these different classes of computer models, using the example 
of cell polarity mechanisms to show that diverse models are required to fit differ- 
ent experimental studies in an iterative loop of modeling and experimentation. 
In a News Focus, Pennisi (p. 172) illustrates this loop, describing how research- 
ers have combined modeling and experimentation to understand how lizards, 
turtles, and other animals cope with heat stress and potentially global warming 
(videos of some of these models can be found at http://scim.ag/comp_bio). 

Advances in sequencing technology have resulted in a barrage of genomic 
information. Zerbino ef al. (p. 179) review the development of computational 
methods and algorithms to efficiently analyze these data, from the initial genome 
reconstruction to their use in comparing individuals and organisms, reconstruct- 
ing phylogenies, and tying genotype to phenotype. Munsky ef al. (p. 183) note 
that phenotypic variation can occur even in genetically identical cells. They 
discuss stochastic gene expression as the likely source of this variability and 
describe how the analysis of variability can give insight into the mechanisms of 
gene regulation. At the level of morphogenesis that so fascinated Turing, Morelli 
et al. (p. 187) describe how a combination of theory and experiment is being 
used to investigate developmental processes. They describe how patterning can 
arise from molecular gradients, from coupled biological oscillations, or from 
mechanical deformations of cells and tissues. Underlying all of this analysis is 
computer code, and in a Policy Forum, Morin et al. (p. 159) call for this code to 
be made widely available and suggest how this might be implemented. 

Turing not only sought mathematical rules that govern biology, as described 
in Perspectives by Hodges (p. 163) and French (p. 164); he also questioned 
whether there were fundamental differences between how machines and bio- 
logical organisms compute. There is much more work to be done in exploring 
such questions, and we look forward to the many new insights that will be gained 
along the way. 

— VALDA VINSON, BEVERLY A. PURNELL, LAURA M. ZAHN, JOHN TRAVIS 
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When he was a graduate student in 
ecology, Warren Porter spent a year in 
the field watching desert iguanas. Yet a 
simple question continued to puzzle him: 
Why did the color of this lizard’s skin get 
lighter during the day? After Porter landed 
a position in the zoology department of 
University of Wisconsin, Madison, as 
an assistant professor, he looked outside 
his field for answers. He started taking 
engineering courses to learn about heat 
transfer and other physical principles that 
affect animals, and eventually teamed up 
with two mechanical engineers to build 
a computer model to test how differently 
colored lizards would fare as the sun made 
its way across the sky. 

“We found that brightening would extend 
their activity by 2 to 3 hours a day or more,” 
Porter recalls. The lighter skin absorbed less 
heat, reducing the likelihood of overheating, 
and that translated into extra time for forag- 
ing. The result sold Porter on the value of 
computer modeling. 

Thirty years later, this biophysical ecolo- 
gist still sits down at the keyboard to predict 
how animals make their way through the 
world. His models are much more sophisti- 
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cated, but the goal is the same: to understand 
energy transfer between an animal and its 
environment and how that affects the organ- 
ism’s behavior, survival, and distribution. 
Humans can use clothing, heating, and air- 
conditioning to extend the limits of what they 
can do at extreme environmental conditions. 
But other animals are not so lucky. They can 
seek food and mates only when their bodies 
fall within a certain temperature range. They 
may have adaptations, such as changing the 
color of their skin, that can help, or they can 
move into the shade or sun depending on the 
time of day. Yet in the end, temperature still 
constrains most creatures, whether they are 
warm- or cold-blooded. 

To predict where and when animals will 
function, “the place to start is temperature,” 
says Raymond Huey, an evolutionary physi- 
ologist at the University of Washington, 
Seattle. It’s “better than any other environ- 
mental factor.” Temperature constraints 
affect the survival of individual animals, 
specific populations, and even whole spe- 
cies. “There is a growing awareness of the 
valuable role that physiological knowledge 
can play in understanding organism-environ- 
ment interactions,” says Michael Kearney, a 


Test case. This virtual sea turtle is helping computer 
modelers determine where oceans might become 
too warm for the real leatherbacks. 


physiological ecologist at the University of 
Melbourne in Australia. 

Such knowledge has become increasingly 
important given the threat of climate change. 
While some researchers compare historical 
and current records to assess how warming 
might affect the range of a species, model- 
ers such as Porter make predictions in silico. 
“The models allow a direct connection to 
be made between what we measure about 
the physiology of an organism and climatic 
data,’ Kearney says. “It’s an exciting area, 
and it’s a relevant area because of the focus 
and awareness of environmental change,” 
adds Huey. 

For every hour they work at the computer 
running a model, researchers may spend 
days in the field taking measurements to 
validate or refute their virtual animal. Early 
versions of animal models needed many 
simplifying assumptions on matters such as 
the shape of the animal and straightforward 
scenarios to make them computationally 
tractable. But researchers can now incorpo- 
rate many more details, making simulations 
much more realistic and meaningful, says 
Michael Sears, an ecologist at Bryn Mawr 
College in Pennsylvania. 

The virtual animals represented by these 
models still have their skeptics. All models 
make assumptions, each of which can in- 
troduce inaccuracies that some argue add 
up to be significant. But more decision- 
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let us put the infor- 

mation that we have together in a rational, 
orderly way to make predictions about the 
future,” he says. “Without them, all we can 
do is guess.” 


Humble beginnings 

When Porter began experimenting with 
computer models, his goal was simply to 
predict the body temperature of a lizard of a 
given size, weight, and color in a particular 
environment. His first challenge was to 
convert local temperature, wind speed, and 
sunlight data into information relevant to 
the lizard itself—conditions on the ground, 
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and even underground. For that, Porter and 
his colleagues developed a microclimate 
model and combined its results with lizard 
physiological and morphological data to 
predict the animal’s temperature under 
particular conditions. 

To see if this crude first model reflected 
reality, Porter built casts of real lizards using 
dental wax, plaster of Paris, and aluminum 
and painted them to reflect sunlight just like 
the real animals. He placed the casts outdoors 
with temperature sensors and found that they 
were within 2°C of what the virtual lizards in 
his model experienced. “Warren Porter and 
some of his colleagues were the first people 
to try to do modeling really looking at the 
balance of energy in individual organisms,” 
DeAngelis says. “It was a new approach at 
the time.” 

Through the years, Porter has refined and 
adapted his model to different animals and 
new situations. He gave the virtual lizards the 
ability to be active when their body tempera- 
ture allowed it and incorporated food and 
water requirements to better determine how 
a lizard would fare under a given condition. 
To make the model more general, he came 
up with a version that had a virtual layer of 
insulation, akin to fur and feathers, thereby 
letting him study birds and mammals. 

At its core, his model incorporates three 
aspects of energy transfer. Based on the ani- 
mal’s size and color, it calculates the heat 
loss for a particular microclimate and, con- 
sequently, what temperatures the animal 
experiences. Other researchers have figured 
out the temperature range at which many 
species can be active, and the model uses 
that information to determine how much 
time an animal might spend eating and 
drinking. This determines how many calo- 
ries the virtual animal takes in and burns and 
the amount of water it consumes and loses, a 
mix of numbers that adds up to its so-called 
mass balance. And finally, the model looks 
at what Porter calls momentum balance, the 
energy costs of moving. 

The models keep getting more sophis- 
ticated. In Porter’s early work, for example, 
the bodies of lizards were treated as simple 
cylinders by the computer programs; now the 
simulations take into account the real shapes 
of organisms. 

His recent look at leatherback turtles 
offers further evidence of how far the field 
has come. As these 2.5-meter-long sea turtles 
swim, the exertion causes their overall body 
temperatures to rise, so the animals need to 
be in water cool enough to keep them from 


www.sciencemag.org SCIENCE 


TF0pp0P PH Bop VPR Born PVR Pop ro VA Po, r9 VE Lo, n0P YP HTBo oP" P Hoy no PH oy n0 VW R0, nV H'G0, oP VPH’Bo, n0P VPI" Po, 0090 Who, n0 VPA G0, n0P\PFBo, oP BBs, 
AM ad BS MW AEBS dO id aol AS AM Sa AAS ed AO AM A Ad Sao AA HS 7, 


overheating. Porter has begun to determine 
where in the ocean these lumbering giants 
are likely to be found. He starts with off- 
the-shelf 3D modeling and computational 
fluid dynamics software programs that let 
him simulate a 3D virtual turtle swimming 
through water. That simulation enables him 
and his colleagues to calculate the drag on 
the animal, which helps them formulate 
the energy expended by the turtle and the 
excess heat produced. His model calculates 
heat loss in different ocean temperatures and 
from there, the simulation spits out where the 
seas are cool enough for the leatherbacks. 
Porter and his colleagues have applied 
his computer programs to many species: 
diving birds, tsetse flies, polar bears, whoop- 


On the rocks. Plastic models of mussels provide 
temperature information important for simulations 
of how the bivalves fare at a particular site. 


ing cranes, elk, an extinct Hawaiian honey- 
creeper, a rare viper in Taiwan, and tuatara, 
a living fossil reptile found in New Zealand. 
“We're in the position to design any kind of 
animal and put it in any place in the world 
and find out how much food and water it 
needs,” Porter says. The models “are ex- 
tremely detailed and work remarkably well,” 
Huey notes. 

Using Porter’s research as a starting 
point, Melbourne’s Kearney has recently 
broadened the scope of such modeling 
efforts. Working with Brian Helmuth of the 
University of South Carolina in Columbia, 
he has linked Porter’s model to theories 
about how animals use energy and food and 
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water for all aspects of their life history, 
including development, growth, and repro- 
duction. “I can use the integrated models to 
understand climatic constraints on the entire 
life cycle and [on] population-level phenom- 
ena,’ Kearney says. 

Helmuth studies intertidal organisms, 
in particular mussels and sea stars, with 
similar goals. “What we’ve been doing 
with terrestrial animals, he’s doing with 
marine animals,” Porter says. For Helmuth, 
a big challenge has been ground-truthing 
the models. To do that, he’s developed 
“robomussels”—plastic devices shaped and 
colored like mussels to handle heat the same 
way—with temperature sensors inside. He’s 
planted them at 40 intertidal zones around 
the world. 

His goal is to find those places where 
mussels are being, or will be in the near 
future, pushed to their limits. And although 
there may not be much that people can do in 
the short term to stem rising temperatures 
globally, Helmuth says, “we may be able to 
ameliorate other stresses,” such as pollution 
or overfishing, that might push mussels at a 
particular location over the edge. He is now 
trying to determine just how fine-scale he 
must model wind speed, cloud cover, and 
other factors to get the model’s predictions 
to reflect reality. Can remote-sensing data 
suffice, or are on-site weather stations nec- 
essary? “How do you get the local detail 
that you need without getting so mired in 
[it] that you don’t see the broad pattern,” 
he wonders. 


Getting down to spatial details 

With his own biophysical models, Bryn 
Mawr’s Sears has found that it’s very 
important to look on the fine scale. Like 
Porter, he started out as a field biologist with 
a puzzle: Lizards living at lower elevations 
were smaller than lizards higher up, even 
though conventional wisdom held that the 
cooler climate at high elevations should 
retard physiological growth. Suspecting 
that the more desertlike environment lower 
down constrains the lizards’ growth, he 
and Michael Angilletta Jr, a physiological 
ecologist at Arizona State University, Tempe, 
decided to determine how lizards might cope 
with the heat. 

Their simulations and subsequent field 
studies showed that the hot sun did limit liz- 
ard activity, but in a more complex way than 
researchers had assumed. The limitations 
imposed by heat depended significantly on 
the distribution of shade in the particular 
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lizard’s environment. “The pattern of 
[shade] variation has a huge impact on 
their ability to thermoregulate,’ Huey 
says. “They’ve done a really nice sim- 
ulation and analysis to show that.” 

Sears started by creating a real- 
istic simulation of the lizard’s desert 
habitat, which required a visit to sand 
dunes in central New Mexico to obtain 
fine-scale temperature measurements. 
He and his colleagues then wrote a 
computer program that could specify 
how hot each 0.5-meter-square spot 
would be at different times of the day, 
depending on where the sun was. It’s 
a computationally intense simulation, 
taking nearly 24 hours to factor in 
all the shadowing for a 100-square- 
meter plot with a bumpy, complex 
landscape—the vegetation coverage 
incorporated into the model was pro- 
vided by aerial photos. “They were the first 
to really factor in spatial [heterogeneity] on a 
small scale,’ Huey says. 

Next, Sears plops a virtual lizard of a par- 
ticular size into various versions of his land- 
scape model. In some, there are big patches of 
shade, as if there are few big trees; in others 
there are many small patches, the equivalent 
of small bushes. He gives the virtual animal 
the goal of maintaining an optimum tem- 
perature for finding food. The lizard initially 
finds shade, but eventually has to move on to 
another location because of the shifting sun- 
light, for example. “What our models have 
done is focus on where those temperatures 
are available in space and whether animals 
can actually use them,” Angilletta explains. 

To see if their models were valid, 
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Daily struggle. The Yarrow spiny lizard (top) must move around quite 
a bit to stay cool, according to simulations of how temperature changes 
throughout the day in its vegetation-covered landscape (bottom, left). 


Angilletta and Sears spent almost 2 sum- 
mers in the Chihuahuan desert in New Mex- 
ico building fenced-in 400-square-meter 
plots, arrayed with different configurations 
of shade cloth. They then released about 80 
lizards into these plots and carefully moni- 
tored the lizards’ movements. Their data 
from these plots support what the models 
are predicting: Lots of small patches of 
shade and sun are better for the animals than 
a few big patches. 

Knowing that heterogeneity of a habitat 
makes a difference can matter. Conservation- 
ists working to protect the dune sagebrush 
lizard are trying to decide where to set aside 
land and how to manage these conservation 
areas. Sears’s modeling work shows that the 
threatened species should be able to be active 
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20% to 50% longer in complex habitats. 
“The more complex habitats are prob- 
ably the ones you should focus on pre- 
serving,” he says. 

While Sears and other animal mod- 
elers are typically trying to simulate the 
current reality, when they tweak their 
computer programs to plug in tempera- 
ture changes due to global warming, 
the situation can become dire for some 
species. “You’re going to have a change 
in the number of places an animal can 
find its preferred temperature, but you 
are also going to have a change in where 
those are in space and how connected 
they are,” Angilletta explains. For exam- 
ple, lizards may not be as able to reach a 
preferred place because they would heat 
up too much as they travel from one 
to another. 

Angilletta and Sears next plan to 
add other aspects of lizard ecology—such 
as predators or rivals—to their models to 
see how that affects the animal’s ability to 
keep its temperature right. And Angilletta 
is working on other modeling projects to 
come up with predictions for how an entire 
species can be affected by climate change. 
Through such modeling, “the biological 
consequences of environmental change are 
addressable, probably for the first time,” 
Huey says. 

That’s a long way from simply explain- 
ing why a desert iguana changes color, but 
Porter says the underlying principles of the 
research are the same. “The computational 
biology is just a tool to understand what it 
is that makes animals work,’ he concludes. 
—ELIZABETH PENNISI 


Shade arrays. 
Large areas covered 
with different pat- 
terns of shade cloth, 
as seen in the aerial 
photo (left), helped 
researchers evaluate 
simulations showing 
the importance of 
diverse shading in 
hot environments. 
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Cell Polarity: Quantitative Modeling 
as a Tool in Cell Biology 


Alex Mogilner,?* Jun Allard,? Roy Wollman? 


Among a number of innovative approaches that have modernized cell biology, modeling has a 


prominent yet unusual place. One popular view is that we progress linearly, from conceptual to ever 
more detailed models. We review recent discoveries of cell polarity mechanisms, in which modeling 
played an important role, to demonstrate that the experiment-theory feedback loop requires diverse 
models characterized by varying levels of biological detail and mathematical complexity. We argue that 


a quantitative model is a tool that has to fit an experimental study, and the model’s value should 
be judged not by how complex and detailed it is, but by what could be learned from it. 


that “‘Nature’s great book is written in math- 
ematical language.” Since that time, physical 
phenomena have been described by mathematical 
equations, yet biology has remained qualitative. 
A possible explanation is that complex behavior 
in physics emerges from relatively simple inter- 
actions between many copies of few elements, 
whereas biological complexity results from non- 
linear interactions of many heterogeneous spe- 
cies. In this sense, biological systems are similar 
to engineered machines (/): Inventories of both 
airplane parts and animal cell proteins consist of 
tens of thousands entries; cell interactomes look 
similar to machine blueprints; and performances 
of both engineering and biological structures are 
characterized by robustness and noise resistance 
(2). This analogy has limitations: Biological sys- 
tems are built from stochastic and unreliable parts; 
are evolved rather than designed; and are subject 
to reverse, not direct, engineering. Nevertheless, 
in the last two decades, the mathematics usually 
applied to engineering and physics has been often 
used in cell biological studies where quantitative 
models serve as a guide for failing intuition (3). 
The foundation for this surge was laid by two 
seminal papers that appeared 60 years ago. One 
was the biologically abstract and mathematically 
simple manuscript by Alan Turing (4) proposing 
that a pattern can emerge in an initially homo- 
geneous mixture of two chemicals. Turing used 
two linear partial differential equations (PDEs) 
(Box 1) with few parameters to demonstrate that 
two chemicals, a slowly diffusing “activator” and 
a rapidly diffusing “inhibitor,” could concentrate 
in different regions of space. Untested and un- 
substantiated at the time, this conceptual model 
has served as a basis for many studies of polar- 
ity, chemotaxis, and development. Another work 
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by Hodgkin and Huxley (5) was mathemati- 
cally complex, grounded in experimental data 
and very detailed: Many ordinary differential equa- 
tions (ODEs) (Box 1) with many parameters and 
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ANS 
nonlinearities were used to describe ion currents 
through voltage-gated channels in the axon mem- 
brane. The parameters and nonlinearities were 
measured, and the model reproduced the observed 
electric bursts in nerve cells, which revolution- 
ized our understanding of excitable systems. 
These two papers symbolize the opposite 
ends of “modeling space” (Fig. 1A). It is tempting 
to pronounce that we will be describing cells in 
ever more accurate terms and minute detail, 
moving from focused and conceptual (like ODEs 
describing three-node motifs in regulatory net- 
works) to accurate and broad models (6), perhaps 
ending with a “whole-cell model” that complete- 
ly recapitulates cell behavior on a computer, sub- 
stitutes for wet laboratory experiments and makes 
personalized medicine possible. This is an ap- 
pealing, if distant, goal. Meanwhile, this view 
subtly puts broad models above focused ones 
and suggests that there is a modeling “Road to 
Valhalla.” Note, however, that our understand- 
ing of the nerve impulse progressed from the 


A 
a Mechanistic “whole-cell model” 
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Fig. 1. Modeling space. (A) Computational models can be characterized by their scope and level of 
realism. Mathematically, focused models are simple, whereas broad ones are complex. Biologically, the 
models range from conceptual, offering mainly qualitative insight, to accurate and mechanistic, making 
many quantitative predictions. (B) Polarity models in modeling space marked by the first author, year in 
which the model was published, biological system the model applied to and mathematical method. Color 
corresponds to physical dimensionality of the model. Mathematical scope and level of realism do not 
correlate with dimensionality, type of math, or biological system. 
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Box 1. MODELING TOOLS 


In mathematical biology, an ODE normally expresses the time derivative 
of a dynamic variable in terms of a function, usually nonlinear, of this 
variable. More frequently, a system of ODEs (dynamical system) appears. 
For example, if [E], [5], and [C] are concentrations of enzyme, substrate, 
and complex, respectively, then the dynamical system 


dE] 
dt 


2 


Sees ere a 


—k, [ES], —— = ki [ENS] — kIC] 


describes Michaelis-Menten kinetics. In this system, rates k, and k> are 
model parameters. ODEs are an extremely powerful tool as (i) vast 
mathematical apparatus (bifurcation diagrams and phase portraits, 
perturbation theory, and numerical analysis) has been developed to solve 
them; (ii) solving ODEs is almost trivial with much available user-friendly 
software; and (iii) their solutions provide very detailed mechanistic insight. 
The caveats of using ODEs for modeling are (i) chemicals have to be well 
mixed in the cell or their spatial gradients have to be neglected, (ii) 
detailed information about molecular interactions has to be available, 
and (iii) many data are necessary to validate the model. 


A PDE is a generalization of an ODE: concentrations of chemicals (or 
distributions of molecular players, in general) can change not only in 
time, but in space as well, so not only time derivatives, but also (so- 
called “partial”) derivatives with respect to spatial coordinates appear 
in the equations. For example, Michaelis-Menten kinetics in a 3D cell 
in the presence of diffusion will have the form: 


OF = ~AaIEIS] + kal] + Dealel, = tates] + DsAlsl 
a ky [E][S] — k2[C] + DcAIC] 


where D's are diffusion coefficients, and A = d7/Ax* + 07/0y* + 67/z?. 
These PDEs constitute a so-called reaction-diffusion system. Instead of 
diffusion, other transport processes (e.g., directed motor-driven transport) 
can be represented mathematically as well. PDEs have to be accompanied 
by boundary conditions that have to be chosen carefully. Similar to ODEs, 
PDEs are great for mechanistic insight. Solving PDEs is far from trivial. 
ODEs’ caveats (ii) and (iii) apply to PDEs as well. 


Unlike deterministic models, stochastic simulations usually describe 
molecules not as concentrations, but as random numbers. These numbers 
change in time with certain probabilities that are functions of random 
variables (numbers of these and other molecules) in the system. Many 
different types of stochastic models exist, for example: (i) direct Monte 
Carlo simulations, in which the computer generates random changes in 
the random variables at equal time increments; (ii) Gillespie simulations, 
in which computer calculates random time intervals at which the state 
of the system changes; (iii) Langevin equations that allow the addition 
of random steps to deterministic changes; (iv) Smoluchowski equations 
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that introduce a probability density for system states and transform 
random equations into deterministic PDEs, and so on. The great 
advantage of stochastic simulations is that they expose the effects of 
fluctuations and noise that are often enormous in cells because of the 
relatively small number of molecules involved. The caveat is that usually 
stochastic simulations produce but a single random trajectory of the 
system (Smoluchowski equations are a notable exception, but these are 
often very hard to solve), so multiple, computationally expensive 
simulation runs and nontrivial statistical tools are needed for thorough 
investigation. 


Agent-based simulations that are sometime deterministic, but more 
often stochastic, rely on explicitly tracking all essential molecules so that, 
on the basis of the current positions and states of these molecules, all 
interactions (chemical and mechanical) are computed and movements 
and states of every molecule are calculated based on the rules of physical 
chemistry and classical mechanics. Usually, thousands of such molecule- 
agents are simulated, the numerical codes are very involved, and 
computational expense is enormous. Often, these simulations suffer 
from limited qualitative insight—in a way, they substitute a 
computational “black box” for the live cell—but these problems are 
usually more than offset by two benefits: life-like resulting movies 
that can be compared directly with time-lapse microscopy and the 
ability to perform lifelike perturbation experiments on the 

computer. Other useful modeling techniques, such as cellular 
automata and Potts models, are midway between PDEs and 
agent-based simulations. 


Boolean networks are well suited to reproduce the qualitative 
behavior of extensive networks when the amount of quantitative 
experimental data is limited. In a Boolean representation, the 
biological active or inactive state of a species are represented by the 
on-off states of nodes in an “interactome” network. Logical rules 
based on qualitative insight prescribe switches between states of each 
node, depending on the state of the nodes to which the node is 
connected in the network. Boolean models are useful for a fast 
quantitative look at the dynamics of large biological networks, but 
because of the difficulties of treating physical time and some 
mathematical artifacts, such models are gradually falling out of favor. 


Bayesian models use the rules of probability theory (Bayes’ formula 
for conditional probabilities) and experimental multivariate data that 
depict causal relationships between biological variables to uncover 
statistical (and/or causal) relations among these variables. These models 
lack a time dimension and therefore cannot include feedback loops 
that are prevalent in biology. 


Network analysis uses the sophisticated methods of graph theory, 
topology, statistics, and combinatorics to find modules, motifs, and 
other building blocks representing small standard dynamic systems in 
large biological networks. The methods of network analysis are 
extremely useful for large networks, and relevant software is becoming 
better and more widely available. 


Downloaded from www.sciencemag.org on April 12, 2012 


complex Hodgkin-Huxley model through the 
FitzHugh-Nagumo model (7) that reduced the sys- 
tem radically to two PDEs and few parameters. 
Although simplistic, the FitzHugh-Nagumo model 
was amenable to deeper mathematical analysis, 
by building intuition that could be applied to full 
biophysical reality. Besides, increasing a model’s 
realism does not necessarily mean more difficult 
math: There are simple and accurate models, like 


Michaelis-Menten kinetics equations (Fig. 1A) 
(Box 1). There are also broad and detailed, yet con- 
ceptual models, such as the Boolean description 
(Fig. 1A) (Box 1) of segment polarity gene expres- 
sion (8). Here, we review recent studies of bud- 
ding yeast to illustrate how a variety of modeling 
approaches advanced our understanding of cell 
polarity (Fig. 2). We argue that quantitative mod- 
eling is a versatile tool that has to fit the biological 


problem and can be judged by its usefulness rather 
than its comprehensiveness or sophistication. 


Modeling Yeast Polarity 

Many cells polarize in response to external cues 
such as preexisting landmarks, chemoattractants, 
or contact with other cells (9). In budding yeast 
cells, cortical landmark proteins inherited from 
previous division cause localized activation of the 
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guanosine triphosphatase (GTPase) Rsr1, leading 
to recruitment of the polarization machinery com- 
ponents, including the key GTPase Cdc42 (Fig. 
2A) and, ultimately, to symmetry breaking and 
switching from isotropic growth to growth along a 
polarized axis (/0). However, landmark proteins 
are not essential for the emergence of the Cdc42 
cluster that marks future growth site: When the 
landmark is bypassed by Rsrl removal or consti- 
tutive activation of Cde422°"" (in which glutamine 
at position 61 is replaced by leucine and which 
cannot hydrolyze guanosine triphosphate and re- 
spond to upstream signals), clusters of concentrated 
Cdc42 still form, albeit at random locations, so the 
cell is able to self-polarize (Fig. 2A). This phe- 
nomenon is arguably the best understood par- 
adigm of cell polarity, in no small measure owing 
to the power of yeast genetics and many studies 
that judiciously combined microscopy and mod- 
eling to allow detailed mechanistic insights. 
Turing’s pioneering paper and several mod- 
els it inspired (//, /2) predict that locally acting 
positive-feedback loops and globally acting neg- 
ative regulators can lead to self-polarization. [The 
models we review below share the general phi- 
losophy of Turing’s mechanism, but in a nar- 
rower, mathematical sense they differ from Turing 
system; see (/2) for details.] Immediate ques- 
tions arise from this prediction: Is it indeed the 
Turing mechanism that is responsible for self- 
polarization? What are the molecular identities 
of the activators and inhibitors? What are the 
transport mechanisms underlying the process? 
How are complex, specific combinations of reg- 
ulatory pathways wired to achieve polarity? 
Less than a decade ago, Wedlich-Soldner et al. 
(73) started to answer these questions quantitative- 
ly by using mutants to establish that actin-myosin— 
directed vesicle transport and fusion were essential 
for Cde422°'" polarization. They proposed that 
Cdc42 molecules would be recruited to a localized 
cap on the membrane through transport along actin 
cables, whereas deposition of Cdc42 to the cap 
would stimulate further actin accumulation at this 
site (Fig. 2B). As it was hard to prove experimen- 
tally that such a positive-feedback circuit is suffi- 
cient to induce polarization, Wedlich-Soldner et al. 
performed simple stochastic simulations (Box 1) 
in which actin cables nucleated at a rate propor- 
tional to the local membrane Cdc42 concentration, 
Cdc42 was delivered along each cable at a rate 
proportional to Cdce42 cytoplasmic concentration, 
and Cdc42 settled on the plasma membrane in a 
bell-shaped distribution around the cable. Multiple 
caps were often observed in a single cell, and the 
model predicted, correctly, that the cap number in- 
creases with initial membrane Cdc42 concentration. 
Two years later, Ozbudak et al. (/4) studied 
the dynamics of this symmetry breaking with Rsrl 
deleted, rather than by expressing higher levels of 
activated Cdc42. To their surprise, they found that 
the single Cdc42 peak moved around the cell. 
When actin was inhibited, the Cdc42 peak re- 
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Fig. 2. Budding yeast polarization. (A) Initially symmetric cell with uniform distribution of Cdc42 becomes 
polarized, either in response to an extracellular cue or spontaneously. Polarization of Cdc42 distribution 
leads to polarized growth, either for budding or mating. (B) Feedback loops leading to Cdc42 polarization: 
(i) positive, actin-dependent feedback, (ii) endocytosis, and (iii) positive feedback via autocatalytic Cdc42 


membrane recruitment mediated by Bem1. 


mained, but its movement ceased. To explain this 
phenomenon, Ozbudak ef al. turned to the ex- 
perimental finding that the scaffold protein Bem1 
is an essential component in an actin-independent 
self-polarization pathway (/5) and to the theoret- 
ical finding that certain negative-feedback loops 
can result in traveling waves (/6). They assumed that 
actin cables deliver molecules initiating an actin patch 
on the membrane causing a dispersal, rather than 
concentration of Cdc42, which ultimately means 
that Cdc42 molecules on the membrane inhibit fur- 
ther local accumulation of Cdc42 with a time de- 
lay dependent on the actin dynamics. A PDE with 
respective negative feedback and a time-delayed 
term, in addition to a hypothetical autocatalytic re- 
action term describing Bem1-dependent accumu- 
lation of Cdc42 on the membrane and Cdc42 
diffusion term, mathematically explained the trav- 
eling wave. This conceptual model, besides making 
sense of the data, proposed that actin dynamics are 
part of a negative-, not positive-, feedback loop. 

Marco et al. proposed an alternative solution 
(17) based on data showing that endocytosis and 
lateral diffusion in the membrane are essential 
for yeast polarization (/8). They suggested that 
a combination of three processes—actin-Cdc42— 
positive accumulation, Cdc42 lateral diffusion, and 
removal by endocytosis, together, could main- 
tain the polarized state (Fig. 2B). By combining 
three respective mathematical terms in a simple 
PDE and solving this equation, Marco et al. found 
that both emergence and maintenance of the po- 
larization cap could be explained. The model made 
a nontrivial prediction: There is an optimal rate of 
endocytosis in terms of how “sharp” the Cdc42 


polarization is, because slower endocytosis causes 
spreading of the Cdc42 cap over the surface, 
whereas faster endocytosis depletes the Cdc42 
cluster. Measurements of the rates of transport, 
endocytosis, and geometric parameters indeed re- 
sulted in the predicted optimal rate. Compared with 
the previous model, this one was more accurate 
and detailed, with parameters fitted from the data. 

The model of Marco et al. was based on the 
measurements of a mutant, Cde422°!", which is 
stably associated with the membrane. A couple 
of years later, Slaughter et al. (19) took their 
model to the next level of accuracy by trying to 
explain how cells maintain the dynamic distribu- 
tion of the wild-type Cdc42, which transitions 
between the membrane and cytoplasm at higher 
rates than Cde422°'", Slaughter et al. based their 
model on data indicating that actin-dependent and 
independent pathways play redundant but essen- 
tial roles in maintaining Cdc42 polarization. By 
assuming that these two pathways work in par- 
allel to control Cdc42 recycling at the polar cap 
and by adding respective mathematical terms 
[making the model in (/7) more detailed and 
precise], Slaughter et al. found that, depending on 
the data-supported model parameters, the shape 
of the Cdc42 peak resembles either a bud that 
the cell grows to enter the mitotic cycle or a shmoo 
that grows as a mating projection (Fig. 2A). Thus, 
the model made a provocative prediction that pa- 
rameters of Cdc42 recycling in yeast are adapted 
not to achieve maximum polarity but to fulfill 
specific morphogenetic outcomes. 

A recent study (20) carefully examined the 
assumptions used in (/7) and noticed that the 
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previous model treated Cdc42 traffic to and from 
the polarization cap as a direct protein flux, with- 
out taking into account the membranes that 
actually transport the Cdc42. However, if the 
membrane flux is taken into account, then, in the 
steady state, the amount of membrane in vesicles 
undergoing endo- and exocytosis with the cap 
have to be the same, so Cdc42 concentrations in the 
endo- and exocytic vesicles have to be the same. 
The problem is that, if the Cdc42 concentrations 
in the endo- and exocytic vesicles are equal to local 
concentrations in the cap and cytoplasm, respec- 
tively, then higher Cdc42 concentration in the cap 
would cause faster Cdc42 endocytosis and, ulti- 
mately, depolarization. In fact, new data and math- 
ematical analysis in (20) suggested that Cdc42 
would have to be significantly and unevenly con- 
centrated into the endo- and exocytic vesicles 
for the model of (/7) to work. Results of (20) will 
undoubtedly stimulate future studies to deter- 
mine whether such traffic mechanisms exist. 
Altschuler et al. (2/) reversed the apparent trend 
toward more accurate and detailed models. They 
investigated the actin-independent polarization 
pathway using a simple, stochastic— 
rather than deterministic—model in 
which Cdc42 molecules on the mem- 
brane catalyzed recruitment to the 
membrane of cytoplasmic Cdc42. 
They found that, if the total number 
of Cdc42 molecules is small, then 
the stochastic effect of one emerg- 
ing Cdc42 cluster “grabbing” a ma- 
jority of signaling molecules leads 
to self-polarization, whereas greater 
Cdc42 numbers predicted global and 
homogeneous Cdce42 membrane re- 
cruitment. The data indeed showed 
that the frequency of polarization de- 
creases as the number of molecules 
becomes large. This conceptual mod- 
el illustrated the role of stochastic 
effects, fundamental for cell biolog- 
ical processes in which the number 
of molecules involved is often small. 
In the same year, another math- 
ematical model investigated the actin- 
independent pathway (22) on the 
basis of a very different philosophy. 
All previous models were top-down, 
based on coupling “modules,” with 
molecular details left to be clarified 
later, by assumed nonlinear inter- 
actions. In contrast, Goryachev and 
Pokhilko (22) built a bottom-up 
model by describing simple mass- 
action reactions and diffusion for 
all known components of the actin- 
independent pathway in mathematical 
terms, solving respective equations 
and confirming that this fine-grained 
model predicts self-polarization with- 
out any additional assumptions. Then, 


using network analysis (Box 1), Goryachev and 
Pokhilko found a motif in the large signaling 
network responsible for the polarization in- 
stability. They predicted that competition of the 
Cdc42 clusters in the membrane for the limited 
cytoplasmic pool of rapidly diffusing Bem1- 
containing complexes is at the core of this motif. 
Hence, two separate modeling approaches, de- 
tailed and schematic, used in the same paper, 
both demonstrated the model’s feasibility and 
built intuition. 

All these models inspired a recent power- 
ful study (23) in which Howell et al. tested the 
redundant polarization mechanisms by creating 
a fusion protein that effectively tethered Bem] 
to the membrane. This effectively weakened the 
diffusion-mediated mechanism and validated 
actin-mediated positive feedback. They noted that 
the synthetically rewired cells often polarized to 
two sites simultaneously. Combined experimental- 
theoretical analysis of both wild-type and rewired 
cells led to the understanding that yeast cells po- 
larize to a single “front” because of competition 
of membrane Cdc42p clusters for a limiting pool 
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of Bem1-Cdc42 complexes. If such competition is 
slow, as in rewired cells, two buds could form. 
A power of conceptual modeling is that ideas 
that arise in one model are often applicable to 
other phenomena. Polarization plays an important 
role in a wide variety of systems from neurons 
(Fig. 3A) (24-26) to Caenorhabditis elegans de- 
velopment (Fig. 3D) (27-29) to cell migration 
(Fig. 3B) (30-34) to mechanical symmetry break- 
ing in actin gels (Fig. 3C) (35-38). In all these 
cases, a critical role in the establishment of 
polarity is played by the intricate interplay of 
positive- and negative-feedback loops, understand- 
ing of which is impossible without modeling. 


Summary 


Much progress has been made in understanding 
cell polarity by using models that not only sum- 
marized experimental findings but inspired fur- 
ther experiments by forcing researchers to think 
rigorously about what can be assumed and mo- 
tivating more accurate observations. As the his- 
tory of the yeast polarization modeling illustrates, 
modelers did not simply increase the models’ 
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Fig. 3. Models of polarization in nonyeast systems. (A) Neuronal protrusions compete for limited pool of H-Ras. This 
competition acquires “winner-takes-all” features because of a local positive feedback between H-Ras and phospha- 
tidylinositol 3-kinase (PI3K) at the protrusion tips and increased microtubule-based transport in the nascent axon. (B) 
Polarization of cell motility initiation is based on local actin polymerization that generates membrane tension, which 
propagates and inhibits actin polymerization globally. Myosin is an additional, local, inhibitor of the actin polymerization. 
(C) Symmetry breaking of actin gel that grows around a bead is driven by positive mechanical feedback (yellow arrow) 
between pushing actin filaments at denser actin arrays. Uniform pushing and tension around the bead (blue arrows) play 
the role of global inhibition. Autocatalytic breaking of the actin gel can also be a local activator. (D) Mechanochemical 
polarization of PAR proteins in C. elegans. Polarization is based on mutual inhibition of PAR proteins via their transitions 
between the cortex and the cytoplasm and myosin-dependent transient cortical flow (outside arrows). 


13 APRIL 2012 VOL 336 SCIENCE www.sciencemag.org 


CO M P U 47 ATI O N A L B | O L O G Y Hep s0P\PH Ror cP A Ror PVH Bor PVE PorrcoV W Roz r62 H Force A PozncP YE Por n0P PH Gor sch B'G0, nO VP HRor SPW Ror se Ror ah B Por as V B Ron ach BFoz, nV A 'Bors0P V8 ko, 
bs Al Bes “AA Le 7A Los 7AM Les 7A Ho 7AM Los "AA LS 7A Bao 7AM Ao 7A I I 7A ASS 7A Ls 7A Bos 7A Les 7H Nes 7AM Les 7A 


yy he, 
Bde 


Downloaded from www.sciencemag.org on April 12, 2012 


74 i AA, f] 


gL PH Fo ps9 H Foy PVF Poy PVH oy re V I 0, p90 H Gop PP H Bon n0P VP Hoy ro PH Roz rs VA Boz nO HFo, cP PH Boy n00 PH’ Roy noo VB Boz n00\P Eo, oP PHBo, so PH oy no Who, n00 VI G0, n0PPH7Go, oP VB Ro, S PECI AL S ECT | © N 


010) 704 7040" Zoran “700% 


complexity but rather moved nimbly within quad- 
rants of the two-dimensional (2D) modeling space 
charted by two orthogonal axes characterizing 
model scope and level of realism (Fig. 1B). 

A look at this space illustrates that to achieve 
qualitative insight, simple Boolean (39), Bayesian 
(40) (Box 1), ODE (47), or stochastic (/3, 2/) 
models or physical estimates (37) that are focused 
and conceptual may include few details and make 
few predictions, but these predictions can be im- 
portant. A model can be “bigger” and its scope 
more broad, but the level of realism can stay sim- 
ilar to that of the focused conceptual models. For 
example, broad and conceptual PDE (42), Boolean 
(8), or network (43) models can describe mathe- 
matically very large interacting systems but use 
only causal links between genes and/or proteins 
and so predict just qualitative features of emergent 
spatial-temporal patterns. However, focused mod- 
els with relatively few mathematical details (25, 36) 
can be accurate and mechanistic when precise 
numbers matter as well as qualitative insight. The 
broad and mechanistic models (/7, 19, 22, 23, 44) 
are useful when there is a need to mathemati- 
cally integrate detailed quantitative data and to 
test precisely formulated hypotheses. 


Outlook 

Cell biology is transitioning into a quantitative sci- 
ence characterized by increasing integration of 
modeling into experiment. In this transition, we 
have to proceed with numerous, often arbitrary, 
assumptions about the nature of processes and pa- 
rameter values governing cell systems. One great 
future challenge is to improve quantitative exper- 
imental methods with an eye toward synchronizing 
modeling and experiments. Then, frequent back- 
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and-forth between theory and experiment using 
models of varying scope and level of realism 
will allow us to overcome the arbitrariness and 
uncertainty. Another significant challenge is to 
make switching from one type of model to an- 
other a more standard, less ad hoc procedure, to 
ease modeling use and integration between theory 
and experiment. Models along this course should 
be considered impermanent and should be judged 
by how useful they are and what we can learn 
from them, not by how close we are to the elusive 
whole-cell model. 
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REVIEW 


Integrating Genomes 


D. R. Zerbino,? B. Paten,? D. Haussler?’?* 


As genomic sequencing projects attempt ever more ambitious integration of genetic, molecular, and 
phenotypic information, a specialization of genomics has emerged, embodied in the subdiscipline of 
computational genomics. Models inherited from population genetics, phylogenetics, and human disease 
genetics merge with those from graph theory, statistics, signal processing, and computer science to 
provide a rich quantitative foundation for genomics that can only be realized with the aid of a computer. 
Unleashed on a rapidly increasing sample of the planet's 10°° organisms, these analyses will have an 
impact on diverse fields of science while providing an extraordinary new window into the story of life. 


ince the first genome sequences were ob- 
tained in the mid-1970s (/, 2), computers 
have been necessary for processing (3) and 
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archiving (2, 4) sequence data. However, the dis- 
cipline of computational genomics traces its roots 
to 1980, when Smith and Waterman developed an 
algorithm to rapidly find the optimal comparison 
(alignment) of two sequences of length 7 among the 
more than 3” possibilities (2, 5), and Stormo et al. 
built a linear threshold function to search a library of 
78,000 nucleotides of Escherichia coli messenger 
RNA sequence for ribosome binding sites (6). What 


seemed large data sets for biology then don’t seem 
so today, as high-throughput, short-read sequenc- 
ing machines churn out terabytes of data (2, 7). We 
have seen a 10,000-fold sequencing performance 
improvement in the past 8 years, far outpacing the 
estimated 16-fold improvement in computational 
power under Moore’s law (8). Using genomics data 
to model genome evolution, mechanism, and func- 
tion is now the heart of a lively field. 

Every genome is the result of a mostly shared, 
but partly unique, 3.8-billion-year evolutionary 
jourmey from the origin of life. Diversity is created 
mostly by copy errors during replication. These 
create single-base changes, which are known as 
substitutions if spread to the whole population 
(fixed) or single-nucleotide polymorphisms (SNPs) 
if not uniformly present in the population (segre- 
gating). Replication errors also create insertions 
and deletions (collectively, indels), as well as tan- 
dem duplications where a short sequence is re- 
peated sequentially. Chromosomes often exchange 
long similar segments through the process of ho- 
mologous recombination. Specific sequences of 
DNA, known as transposable elements, have the 
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capacity to replicate themselves within the cell, 
using machinery analogous to that found in certain 
viruses, leaving many copies (9). Rearrangements 
lead to patterns such as inversions, segmental de- 
letions and duplications (causing copy number 
variants), chromosome fusion and fission, and trans- 
locations between chromosomes (/0). At the largest 
scale, occasionally the whole genome is duplicated, 
greatly increasing its gene content (//). The present 
diversity of life was created gradually through these 
edits and is manifest in the germline genotype of 
each living individual. Starting from the germline 
genotype, the genomes of the somatic cells con- 
tinue to experience similar edits during the life- 
time of every individual, some undergoing a kind 
of evolutionary process called somatic selection 
that plays a role in cancer and immunity (2, /2). 
Genomes are the core of the molecular mech- 
anisms of cells, and of the physical properties (or 
phenotype) of organisms. They contain recipes of 
the active molecules of the cell, proteins, and their 
messenger RNAs, as well as other functional RNAs. 
Sequencing technology is used to determine RNA 
abundance (/3), subcellular location (/4), splicing 
isoforms (15), secondary structure (/6), and rates 
of engagement with molecular complexes such 
as the ribosome (/7). It is used to assay the epige- 
netic mechanisms that regulate RNA and protein 
production and function, including methylation 
(2, 18), histone modifications (/9), transcription 
factor binding (20), chromatin accessibility (27), and 
chromatin three-dimensional interactions (2, 22). 
When applied to these data, computational ge- 
nomics builds models of epigenetic mechanisms 
and gene regulatory networks (2, 23), articulating 
with the broader models of molecular systems biol- 
ogy such as protein signaling cascades, metabolic 
pathways, and regulatory network motifs (24). 
Combining evolutionary, mechanistic, and func- 
tional models, computational genomics interprets 
genomic data along three dimensions. A gene 
is simultaneously a DNA sequence evolving in 
time (history), a piece of chromatin that interacts 
with other molecules (mechanism), and, as a gene 
product, an actor in pathways of activity within the 
cell that affect the organism (function). Molecular 
phenotypes from epigenetic state and RNA expres- 
sion levels are the first stations on the road from 
genotype to organismal phenotype, where evolu- 
tionary selection acts. Beyond the basics of storing, 
indexing, and searching the world’s genomes, the 
three fundamental, interrelated challenges of com- 
putational genomics are to explain genome evolu- 
tion, model molecular phenotypes as a consequence 
of genotype, and predict organismal phenotype. 


Obtaining Genomic Sequences 


Current methods in genome analysis start with 
genome assembly (2), the process of reconstruct- 
ing an entire genome from relatively short random 
DNA fragments, called reads. Given sufficient read 
redundancy, or coverage depth, it is possible to 
detect read overlaps and thereby progressively re- 


constitute most of the genome sequence (2). How- 
ever, this ideal scenario is complicated by the fact 
that genomes commonly contain large redundant 
regions (repeats), or regions where the statistical 
distribution of bases is significantly biased (low- 
complexity DNA), leading to coincidental, spurious 
read overlaps. These create complex networks of 
read-to-read overlaps that do not all reflect actual 
overlaps in the genome. The most persistent diffi- 
culty of assembly is to determine which overlaps 
are legitimate and which are spurious. This problem 
is NP-hard, which means that it is at least as hard as 
any problem in the class of problems that can be 
solved in nondeterministic polynomial time (2). 
Therefore, we expect that the only efficient solu- 
tions will be heuristic methods that are not guar- 
anteed to find the optimal solution. For this reason, 
difficult regions of genomes are left as undeter- 
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confounded by repeats (2), and both mappers and 
reference-based assemblers tend to bias toward the 
reference genome, occasionally treating genuine 
variants as noise (2). As technology improves toward 
longer reads, we expect improvements here too. 


Modeling the Evolution of Genotype 


Genomes are compared by alignment: The bases 
of DNA are partitioned into sets (columns) that are 
putatively derived from a suitably recent common 
ancestor. From this, we can analyze what was 
conserved or changed during the evolution of the 
genomes from their common ancestor. At a large 
scale, alignments can indicate changes in segment 
order and copy number, and at a small scale they 
can indicate specific base substitutions (see Fig. 1). 

As in genome assembly, the primary chal- 
lenge is to distinguish spurious sequence similarities 
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Fig. 1. Assembly and alignment. (A) Assembly of a number of reads, grouped by pairwise sequence overlap. 
Because the genomic sequence contains a repeated sequence, the reads coming from the two copies of the 
repeat overlap and must be separated by the assembly software to produce a linear assembly. (B) Alignment of 
five sequences and an outgroup. Each row is a sequence; each column is a set of bases that descend from a 
common ancestral base. Six columns are highlighted. Column 4 contains a base that is fixed among the five 
sequences, whereas the other columns contain segregating SNPs. The trees on the sides represent two 
alternative ways of representing the phylogeny between the sequences. The left tree is optimal in terms of 
substitution complexity for columns 1, 2, and 3; the right tree is optimal for columns 4, 5, and 6. Given the 
difference between the two trees, a recombination event may have occurred between columns 3 and 5. 


mined gaps (2), prone to errors (2), or costly to finish 
(2). Newer sequencing technologies, producing 
longer reads (2), may alleviate this problem. 

After the first complete genome from a spe- 
cies is assembled (the reference genome), new 
genomes from that species or closely related spe- 
cies are generally not assembled de novo but are 
assembled using the reference genome as a tem- 
plate, exploiting similarities derived from the com- 
mon evolutionary ancestor. Reads from the new 
genome are mapped (aligned) onto the reference 
genome (2), and systematic discordances are de- 
tected (2). This process may be used simply to en- 
umerate the variants present in the new genome, or 
to guide the complete assembly of the new genome 
(called reference-based assembly) (2). However, 
with short reads, mapping algorithms may also be 


from those due to common ancestry. Regions of 
genomes that are subject to purifying selection in 
which similarity of sequence is conserved, such as 
orthologous protein-coding regions, can often 
be reliably aligned across great evolutionary dis- 
tances, such as between vertebrates and inver- 
tebrates. Regions that are neutrally drifting (i.e., 
not under positive or negative selection) diverge 
much more quickly, and can be reliably aligned 
only if they diverged recently (e.g., within the 
past 100 million years for two vertebrate genomes) 
(2). It is therefore common to distinguish align- 
ments of subregions (local alignments) (2) from 
alignments of complete sequences (global align- 
ments) (2) or even complete genomes (genome 
alignments) (2). Local alignments are typically used 
between conserved functional regions of more 
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test (via likelihood methods) a variety 
of approximate models. 


From Genotype to Phenotype 


Geneticists have correlated genomic 
mutations to phenotypic differences 
for many years, but today they do so 
at an unprecedented scale. Sequenc- 
ing surveys across vertebrates [Ge- 
nome 10K (2)], insects [15K (2)], plants 
(2), microorganisms (2), cell lineages 
(2), and “metagenomes” (obtained by 
sequencing DNA from environmental 
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Fig. 2. The dynamic processes that affect and are affected by the genome. Top: The genome changes as it is modified by 
random mutations. At the larger scale, homologous recombination events swap equivalent pieces of DNA, rearrange- 
ments reconnect different regions of DNA, and transposable elements can self-reproduce. At the finer scale, small 
modifications such as substitutions and insertion/deletion events occur. Bottom: The genome affects the molecular 
processes in the cell, namely the transcription of genes and functional RNA, which through pathways affect the phenotype 
of the organism by causing phenotypes such as disease and other specific traits. Through natural selection, the 
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samples containing an unknown col- 
lection of organisms) (2) present us 
with tens of thousands of genomes and 
challenge us to rework and deepen our 
methods. To date, such studies have 
given us concrete examples of the un- 
folding history and diversity of life, 
explored the ties between the body’s 
microbial populations and our health, 
and investigated the response of spe- 
cies to current environmental changes 
such as climate shift, disease, and com- 
petitors (2). Future studies could be 
coupled with experimental data de- 


Environmental rived from an expansion of cell culture 
conditions resources for diverse species and tis- 
3 sues (2) and newer single-cell assay 


phenotypes condition the selective pressure on the genome favoring or disfavoring specific mutations. 


distantly related genomes (2). Conversely, full ge- 
nome alignments become practical when com- 
paring genomes from closely related species. 
When applied to more than two species or to 
multiple gene copies within a species, phylogenetic 
methods provide an explicit order of gene descent 
through shared ancestry. When the model of evo- 
lution is restricted to consider only indels and sub- 
stitutions (the most common events), the phylogeny 
is represented by a single tree in which the terminal 
(leaf) nodes represent the observed (present-day) 
sequences, the branches represent direct lines of 
descent, and the internal nodes represent the puta- 
tive ancestral sequences (2). Finding the optimal 
phylogeny under probabilistic or parsimony mod- 
els of substitutions (and also of indels) is NP-hard 
(2), and considerable effort has been devoted to ob- 
taining efficient and accurate heuristic solutions. 
Phylogenetic analysis is complicated by ho- 
mologous recombination, which creates DNA 
molecules whose parts have different evolution- 
ary histories (Fig. 2). The coalescent model with 
recombination (2) models the evolutionary history 
of a gene with both substitutions and homologous 
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recombination. Individual histories of parts are 
represented in an alignment with a separate phylo- 
genetic (coalescent) tree for each base (2). 
Evolutionary relationships between DNA 
sequences may also include balanced structural 
rearrangements that change the order and the ori- 
entation of the bases in the genome, as well as seg- 
mental duplications, gains, and losses that alter the 
number of copies of homologous bases (2). Un- 
fortunately, these processes are usually modeled 
and treated separately from one another, and sep- 
arately from substitutions and short indels. The 
construction of a mathematically and algorithmi- 
cally tractable unified theory of genome evolu- 
tion, in which stochastic processes jointly describe 
base substitution, recombination, rearrangement, 
and the various forms of duplication, gain, and loss, 
remains a major challenge for the field (2). With 
incomplete knowledge of the mathematical diffi- 
culties inherent in such a model, it is hard to predict 
when, if ever, such a model will be forthcoming, 
The only thing we are assured of is that projects such 
as the 1000 Genomes Project (2) will be producing 
massive amounts of data from which to build and 


methodologies (2), allowing deeper 
comparisons. 

When studying the population ge- 
netics of a single species, the recombi- 
nation rate determines how likely it is 
that proximal sequence variants share 
the same coalescent tree (2). Lack of 
recombination leads to linkage dis- 
equilibrium, in which nearby segre- 
gating variants are correlated. This phenomenon is 
exploited in correlating specific segregating var- 
iants with phenotypic traits or diseases—for exam- 
ple, in genome-wide association studies conducted 
with microarrays or incomplete sequencing data 
(2). However, this same phenomenon limits the 
resolution of these approaches in finding the actual 
causal variant. Genome-wide association studies 
are also blind to the patterns of allele segregation in 
close relatives. Future genotype-phenotype studies 
using complete genomes will increasingly use ge- 
notypic context in related as well as unrelated cases 
and controls, combined with better prediction of 
the possible effects of genome variants, to iden- 
tify causal variants (2). 

Large projects such as ENCODE (2), 
modENCODE (2), and the Epigenomics Roadmap 
(2) are providing data on the epigenome and the 
transcriptional machinery needed to construct mod- 
els of molecular phenotypes involving epigenetic 
state, RNA expression, and (inferred) protein lev- 
els, requiring specialized analysis tools. Genome 
browsers such as Ensembl (2) and the UCSC 
Genome Browser (2) provide an integrated view 
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of these data, along with background knowledge 
and various modeling results. Because many key 
elements of epigenetics, RNA expression, and pro- 
tein production cannot be directly measured and 
therefore must be inferred, the mathematical mod- 
els of these processes contain numerous latent 
(hidden) variables, often one for every site in the 
genome. Approaches include hidden Markov mod- 
els (2), factor graphs (2), Bayesian networks (2), 
and Markov random fields (2). Model inference 
(parameter estimation) and model application 
(computation of conditional and marginal prob- 
abilities) are large-scale computational tasks. 
Genotype determines phenotype via epigenetic, 
transcriptional, and proteomic state. Classification 
and regression methods that are used to predict 
phenotype from genotype can take advantage of 
estimates of these intermediate states as additional 
or alternate inputs (2). These methods include gen- 
eral linear models, neural networks (2), and support 
vector machines (2), preferred in part because of 
their ability to cope with very high-dimensional input 
feature spaces (i.e., with many measured variables). 
There is currently more to be gained in predicting 
phenotype by incorporating biological knowledge 
to improve the input feature space—for example, 
by substituting inferred transcript levels or inferred 
protein activity levels for raw gene expression mea- 
surements (2)—than by using yet more sophis- 
ticated techniques of classification and regression. 


Looking Ahead to Applications 


Understanding the shared evolutionary history of 
life starts by storing, indexing, and comparing ge- 
nomes. It requires tools to rapidly produce evolu- 
tionarily related segments of DNA according to a 
model of genome evolution when prompted with a 
query segment. How will this be accomplished as 
we collectively grow from petabytes (10'° bytes) of 
genome data today to exabytes (10!* bytes) tomor- 
row? One possibility may be to use differential 
compression based on the inferred evolutionary 
trajectory of genomes, where each sequence is rep- 
resented as a set of differences from its inferred 
parent (2). This may allow us to create a new web of 
genetic information that is compact, rapidly search- 
able, and directly reflects the natural origin of 
genomic relatedness. 

Genomics has had a profound effect on medi- 
cine and will continue to do so. Cancer therapeutics 
are expected to advance as a result, because ge- 
nomic modifications are the source of nearly all 
cancers (2). Within the body’s somatic cells, genomic 
changes occur at random, from environmental im- 
pacts, or as a result of treatment; subpopulations of 
genetically distinct cancer cells expand and com- 
pete (2). Sequencing a sample of a cancer patient’s 
noncancerous tissue reveals the patient’s genome 
at birth (i.e., germline genome). Comparing this to 
the genome obtained from a tumor biopsy then 
reveals the mutations that have occurred subse- 
quently in the patient’s cancer cells. Tracking tumor 
genomes in this manner from early disease through 


each stage of treatment will become the norm and 
will inform therapeutic decisions (2). Changes that 
are readily detectable only through computational 
methods in genotype, epigenetic state, gene ex- 
pression pattern, and activated pathway structure 
will provide crucial information on the state of the 
tumor during initial tumor growth and during the 
emergence of resistance to therapy (2). Recurring 
tumor-specific genomic variants and intermediate 
molecular phenotypes that drive cancer and deter- 
mine patient response to therapy will come more 
clearly to light (2) and will be translated into better- 
targeted cancer diagnosis and treatment (2). 

Other fields of medicine will also benefit from 
computational methods and findings. For example, 
immune cells undergo specific mutations through 
rounds of somatic selection (2), accompanied by 
changes in epigenetic state, gene expression pattern, 
and activated pathway structure. Deep sequencing 
of T cell receptors and B cell antibodies (2), coupled 
with genome-wide measurements of genetic varia- 
tion, epigenetic state, and gene expression pattern in 
immune cells, will be used to model immune cell 
function and correlate immune response with an- 
tigen. High-throughput genomics data will be used 
in vaccine design (including cancer immunother- 
apy) and the treatment of infectious diseases (2), 
autoimmune diseases, and compromised immune 
systems resulting from chemotherapy, transfusions, 
transplants, and stem cell therapies (2). 

Genomic variants, epigenetic state, and expres- 
sion pattern play key roles in stem cell therapies 
and basic science applications of stem cells that 
can only be discerned through the use of compu- 
tational tools (2). Induced pluripotent stem (iPS) 
cells and lineage-specific directly reprogrammed 
cells are made from somatic cells (2) that have al- 
ready incurred somatic mutations and are cultured 
in conditions that may select for further mutations 
(2). These mutations will soon be assessed with 
whole-genome analysis. Measurements of epigenetic 
modification and gene expression will confirm the 
pluripotent or lineage-specific status of the repro- 
grammed cells and verify that the epigenetic 
memory of the tissue from which they were derived 
is erased. Because every batch of reprogrammed 
cells will show some unexpected genetic mutations, 
epigenetic changes, and expression differences on a 
genome-wide level, some with consequences, the 
interpretation of these data will be of critical impor- 
tance. In summary, the future of research into can- 
cer, immunology, and stem cells involves all three 
key challenges of computational genomics: explain- 
ing (somatic) evolution, modeling molecular phe- 
notype, and predicting organismal phenotype. 

In addition to other medical applications, sim- 
ilar scenarios are playing out in applications of 
genomics in a wide range of fields, such as agri- 
culture (2) and the study of human prehistory (2). 
The increasing availability of data is leading to the 
development of elaborate multidimensional anal- 
ysis tools incorporating DNA sequences, alignments, 
phylogenetic trees, lists of variants, epigenomic 


and functional assays, phenotypic changes, etc. 
To face the challenges of obtaining the maximum 
information from every sequencing experiment, 
we must borrow advances from a spectrum of 
different research fields and tie them together into 
foundational mathematical models implemented 
with numerical methods. There is a tension be- 
tween the comprehensiveness of models and their 
computational efficiency. As this plays out, a com- 
prehensive but computable model of genome 
evolution and its functional repercussions on or- 
ganisms is taking shape, embodied in computa- 
tional genomics. Yet we still await a formulation 
that is both simple and expressive enough to com- 
pare models, store information, and communicate 
results in an exabyte age. As a common language 
develops, shaped by our increasing knowledge 
of biology, we anticipate that computational ge- 
nomics will provide enhanced ability to explore 
and exploit the genome structures and processes 
that lie at the heart of life. 
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Using Gene Expression Noise to 
Understand Gene Regulation 


Brian Munsky,* Gregor Neuert,?* Alexander van Oudenaarden7? 


Phenotypic variation is ubiquitous in biology and is often traceable to underlying genetic and 
environmental variation. However, even genetically identical cells in identical environments 
display variable phenotypes. Stochastic gene expression, or gene expression “noise,” has been 
suggested as a major source of this variability, and its physiological consequences have been 
topics of intense research for the last decade. Several recent studies have measured variability in 
protein and messenger RNA levels, and they have discovered strong connections between noise and 
gene regulation mechanisms. When integrated with discrete stochastic models, measurements of 
cell-to-cell variability provide a sensitive “fingerprint” with which to explore fundamental questions 
of gene regulation. In this review, we highlight several studies that used gene expression variability 
to develop a quantitative understanding of the mechanisms and dynamics of gene regulation. 


sure are not sufficient to guarantee a unique 

phenotype. Consider a single mother cell di- 
viding into two daughter cells of equal volume. 
During the division process, all the molecules in 
the mother cell are in Brownian motion accord- 
ing to the laws of statistical mechanics. The prob- 
ability that each daughter cell inherits the same 
number of molecules is infinitesimally small. 
Even in the event that the two daughter cells re- 
ceive exactly one copy of a particular transcrip- 
tion factor, each transcription factor will perform 
a Brownian random walk through its cellular 
volume before finding its target promoter and 
activating gene expression. Because Brownian 
motion is uncorrelated in the two daughter cells, 
it is statistically impossible for both genes to be- 
come activated at the exact same time, further 
amplifying the phenotypic difference between 
the two daughter cells. These are just two exam- 
ples of the many sources of gene expression var- 
iability that arise in isogenic cells exposed to the 
same environment. 

The origins and consequences of stochastic 
gene expression, or gene expression “noise,” 
have been studied extensively during the last dec- 
ade and have recently been reviewed in detail 
(/-6). Here we focus on recent works that in- 
tegrate experimental and computational analy- 
ses of gene expression noise to systematically test 
and refine our understanding of regulation in dif- 
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ferent genes, regulatory pathways, and organisms. 
We discuss how combining single-cell measure- 
ments and stochastic analyses can reveal qualita- 
tive and quantitative features of gene regulation 
that are hidden by bulk assays or deterministic 
analyses. In the first part of this review, we 
discuss how the cell-to-cell variability in gene 
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SA NES? 
This approximation breaks down in cells when 
the copy numbers of transcripts are small. For ex- 
ample, the average transcript copy numbers of the 
constitutive housekeeping genes MDN1/, KAP104, 
and DOAI in budding yeast are 6.1, 4.9, and 2.6, 
respectively (7). These low copy numbers suggest 
a probabilistic reformulation of Eq. 1. In the con- 
stitutive expression model, transcript births and 
deaths occur as uncorrelated events, such that in 
any short time interval, dt, the probability of one 
transcript production is kp dt, and the probabil- 
ity of one transcript degradation is yp m dt. For 
equilibrium to be possible, the probability of 
having m transcripts, Prob[7], and producing an- 
other must be equal to the probability of hav- 
ing (m + 1) transcripts, Prob[m + 1] and having 
one degrade. That is, kg Prob[m] = yr (m + 1) 
Prob[m + 1] for any m, which is only possible if 
the copy-number distribution follows a Poisson 
distribution (8). 

It is possible to quantify the variability in 
transcriptional regulation at the mRNA level using 
single-molecule fluorescent in situ hybridization 
(smFISH) (9, /0). In this technique, endogenous 
mRNA transcripts are labeled with a large num- 
ber of fluorescently modified DNA oligonucleo- 
tides. As a result, a fluorescence microscope 
can detect the precise location of each individual 
mRNA molecule as a diffraction-limited spot. 


Regulated 
gene expression 


Kor 


Fig. 1. Constitutive versus regulated gene expression. (A) Schematic of a constitutive gene expression 
model with transcription rate kk and mRNA degradation rate constant yp. (B) Schematic of a two-state 


(On, Off) model with transition rates ko, and Kos. 


expression of a particular transcript or protein has 
been used to develop a quantitative understand- 
ing of the underlying gene regulation. In the second 
part, we cover how statistical correlations in the 
fluctuations of different transcripts and/or proteins 
can be used to infer gene regulatory interactions. 


Inferring Models of Gene Regulation from 
Variability in Gene Expression 


Poisson expression statistics. In the simplest 
possible model of constitutive gene expression 
(Fig. 1A), a transcript is produced at a constant rate 
kg and destroyed in a first-order reaction with rate 
constant Yk. If the total number of a particular tran- 
script m is large, the kinetics can be approximated 
by the following deterministic differential equation: 


dm 


a (1) 


ka — Yam 


Zenklusen eft al. (7) used smFISH to count 
specific mRNA molecules in intact fixed yeast 
cells and found that the constitutive gene expres- 
sion model offers surprisingly good quantitative 
matches to transcriptional behaviors for the house- 
keeping genes MDN1, KAP104, and DOAJ in 
budding yeast. The measured numbers of mRNA 
transcripts per cell were well described by Poisson 
distributions for all three genes. By measuring 
the number of partially formed nascent mRNA in 
each nucleus, Zenklusen ef al. also determined 
that subsequent transcript production events were 
uncorrelated (7), again consistent with the con- 
stitutive expression model. 

Two-state model of gene regulation. Although 
the constitutive gene expression model captures 
the fluctuations of several housekeeping genes in 
budding yeast (7), it does not perform as well when 
gene expression is regulated. Because deviations 
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from Poisson behavior indicate regulation, can 
quantifying these deviations reveal the mech- 
anism of regulation? A key parameter to quantify 
the deviation from Poisson statistics is the Fano 
factor, which is the ratio between the variance, 
o”, and the mean, 77, of the mRNA copy-number 
distribution, o /7 (8). For a Poisson distribution, 
the Fano factor equals 1. Golding et al. (1/) 
determined a Fano factor of 4.1 for a synthetic 
transcript driven by the Plac/ara promoter in 
Escherichia coli, indicating that the transcript 
distribution was significantly wider than a Poisson 
distribution. A two-state model of gene expres- 
sion (/2—/6) can fit these data much better. This 
model considers two promoter states: an Off state, 
in which no transcription occurs, and an On state, 
which has transcription rate kg. The constants kon 
and kore define the transition rates between the 
two states, and yp is a first-order rate constant for 
transcript degradation (Fig. 1B). The Off state is 
usually associated with a closed chromatin state 
in which the binding sites for transcription factors 
are inaccessible, whereas the On state is asso- 
ciated with the open active chromatin state (/4). 

According to the two-state model, the aver- 
age fraction of cells in the On state is fon = 
Kon/(kKon + Ko), and the average number of 
mRNA molecules in each cell is 7 = fonkr/Yp- 
The expression for the Fano factor in steady state 
can be written as (/2): 


Mm i (1 — fon) kr 
o ns (kon + kor + Yp) (2) 


Figure 2A uses a heat map to illustrate the Fano 
factor’s dependence upon kos and ko, for a fixed 
transcription rate kg. To compare the variability 
at equal expression levels, the three dashed lines 
denote parameter combinations that produce an 
average of 2, 25, and 75 mRNAs per cell. Although 
the average expression level is constant along these 
lines, the Fano factor varies significantly, as does 
the qualitative shape of the mRNA distribution. 
For example, Fig. 2B shows the distributions cor- 
responding to the filled squares on them = 25 line 
in Fig. 2A. Although each parameter set yields an 
average of 25 molecules per cell, they exhibit 
three distinctly different behaviors for the varia- 
bility of m between cells. On the basis of differ- 
ences in the mean, Fano factor, and qualitative 
shapes of distributions, we can dissect the param- 
eter space into three different “phenotype” classes 
(14, 17). In class I, both ko, and kop are slow, 
and cells separate into distinct On and Off pop- 
ulations, yielding a bimodal mRNA distribution 
(Fig. 2B, left) and resulting in a large Fano fac- 
tor. In class II, kon is slow and kop is fast, and 
therefore most cells are Off. In this case, the low 
value of fon contributes to low means and Fano 
factors, but occasional mRNA bursts give rise to 
long exponential tails in the mRNA distribution 
(Fig. 2B, middle). Finally, in class III, Aon is fast in 
comparison to either yg or kog, and the system 
spends very short periods in the Off state. The 
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Fig. 2. Effects of transcriptional control on mRNA distributions. (A) Heat map of the cell-to-cell variability 
(Fano factor, o?/m), versus normalized gene activation rate Ko;/‘yg and normalized deactivation rate 
kosiYp with fixed production and degradation rates (kp = 100, yp = 1). Lines of equal average mRNA 
expression are shown for 2, 25, and 75 molecules. The parameter space is separated into three classes 
(I, Il, II) that exhibit different types of cell-to-cell variability. (B) Representative distributions from each 
class: Class | corresponds to systems with long Off and On periods, giving rise to bimodal distributions 
with clearly delineated On/Off populations. Class II corresponds to populations with short On and long 
Off periods, giving rise to occasional mRNA bursts and long distribution tails. Class III includes systems 
with short Off periods, giving rise to continuous production and more graded unimodal distributions. 
All three distributions have the same average of 25 mRNAs and correspond to the squares in (A). 
Distributions were computed with the finite state projection approach (34). 


dynamics of this special case collapses down to 
that of the constitutive expression model, with an 
effective transcription rate ke™ = kp fon and a 
Poisson-like mRNA distribution (Fig. 2B, right). 

A cell can increase the average mRNA copy 
number 7 from 2 (indicated by the blue star in 
Fig. 2A) to 25 by either decreasing korg (purple 
arrow in Fig. 2A) or increasing ko, (red arrow in 
Fig. 2A). Increasing ko, converts a class II phe- 
notype into a class III phenotype, resulting in more 
Poisson-like expression. Conversely, decreasing 
Kor shifts the system to class I, corresponding to 
bimodal expression. Thus, although both modu- 
lation mechanisms yield the same change in av- 
erage mRNA levels, their single-cell statistics are 
quantitatively and qualitatively different. Below 
we highlight several studies that exploit these 
differences to learn more about the gene regu- 
latory control mechanisms. 


As in studies of constitutive expression, single- 
cell responses of regulated genes have been ex- 
amined at the mRNA level. Raj et al. (15) used 
smFISH to study gene expression variability in 
mammalian cells. They integrated an inducible 
tetO promoter into the genome and quantified 
mRNA numbers and locations. The measured 
mRNA distributions had long exponential tails 
that closely matched those of the class II pheno- 
type, corresponding to bursts of mRNA that were 
short, infrequent, and intense. Furthermore, 
Raj et al. observed that On cells exhibited extra- 
bright clusters of nascent transcripts and elevated 
levels of nuclear mRNA, whereas Off cells lacked 
these transcription site spots and had far fewer 
nuclear mRNAs. In this context, spatial variabil- 
ity provided quantitative insight into transcrip- 
tional dynamics. More recent smFISH studies 
have also discovered mRNA distributions from 
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all three classes for a myriad of other genes in 
several model organisms, including bimodal dis- 
tributions of class I in cell-cycle and inducible 
genes in yeast (/8); long exponential distribution 
tails corresponding to class II in E. coli (19), 
ribosomal RNA (20), and coding and long non- 
coding RNA (2/) transcription in yeast; and uni- 
modal Poisson-like distributions of class III in 
yeast (7). 

Single-molecule FISH has also been used to 
explore how transcriptional regulation changes 
between conditions (/5, 79). Raj et al. (15) showed 
that an increase in the transcriptional activator 
tTA or in the number of activator binding sites 
increased the transcriptional activity of the tetO 
promoter in mammalian cells. Quantitative com- 
parisons of measured mRNA distributions with 
the two-state model revealed that activation was 
consistent with either kos modulation (purple ar- 
row in Fig. 2A) or kg modulation. In a recent 
study, So et al. also integrated experimental and 
computational analyses to find that kos modula- 
tion is a common motif, which regulates mRNA 
expression in 20 independent E. coli genes, whose 
mRNA expressions span four orders of magnitude 
(79). Using smFISH (/0), they measured mRNA 
distributions in 150 different combinations of 
genes and growth conditions that modulate those 
genes. After correcting for different gene copy 
numbers and mRNA lifetimes, the mRNA mean 
and Fano factor were computed and plotted for 
every gene and experimental condition, and the 
resulting scatter plot was closely fit by Eq. 2, 
where ko, and kp were constant, and kos was 
selected to match the mean expression. 

Although the former studies explored gene 
regulation at the mRNA level (7, /5, 18-2), 
similar conclusions have been reached through 
single-cell analyses at the protein level. Raser and 
O’Shea (/4) used single-cell measurements of 
fluorescent protein concentrations to show that 
induction of the PHOS promoter in budding 
yeast increases the expression level while reduc- 
ing the cell-to-cell variability. This trend was 
explained as the system starting in class II and 
increasing ko, to switch toward class III (red 
arrow in Fig. 2A). Similarly, Octavio et al. (22) 
explored the regulation of the FLOJ/ gene in 
yeast. Using inducible promoters to control the 
regulatory proteins Flo8, Sfll, Tecl, Ste12, Phd1, 
Msn1, and Mss1, they pushed the system into 
each of the three phenotypes. Then, by elucidat- 
ing how each transcription factor altered the 
variability in gene expression, they determined 
the mechanisms by which each factor modu- 
lated transitions between an Off state, an inter- 
mediate “competent” state, and the fully active 
On state. 


Inferring Gene Regulatory Interaction from 
Correlations Between Fluctuating Genes 

The examples above illustrate how the expres- 
sion distribution of a particular transcript or flu- 
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orescent protein reporter can be used to quantify 
the transitions between active and inactive tran- 
scription states and to determine the mechanism 
by which regulators modulate this process. In 
many of these studies, the analysis of regulatory 
behavior required the application of an external 
input or a change in environmental conditions. It 
is not always easy to introduce such a perturba- 
tion, but what if they already existed in nature? 
As discussed above, most cellular proteins under- 
go stochastic fluctuations, which can activate or 
repress downstream processes and thereby intro- 
duce valuable perturbations. As a result, when 
multiple transcript or protein species are moni- 
tored in the same cell, important additional infor- 
mation can be extracted by analyzing how different 
species correlate with one another. This correla- 
tion analysis was used in experiments focused on 
synthetic gene networks in E. coli, where expres- 
sion levels of several genes were monitored in the 
same cell with fluorescent reporters. By analyz- 
ing the pairwise correlation between the differ- 
ent fluorescent reporters, the major fluctuation 
sources could be determined (23, 24). 

In a recent study, Stewart-Ormstein et al. (25) 
used fluorescent proteins to examine the pairwise 
correlations of hundreds of different yeast genes, 
whose expression levels varied over three orders 
of magnitude. Even without using exogenous per- 
turbations, single-cell steady-state measurements 
could reveal clear groups of genes whose stochas- 
tic fluctuations were strongly coordinated. These 
collections of genes, which they labeled “noise 
regulons,” corresponded to functional groups re- 
lated to stress response, mitochondrial regula- 
tion, and amino acid biosynthesis. Furthermore, 
Stewart-Ornstein et al. showed that steady-state 
correlations were strongly predictive of the pro- 
teins’ dynamic response to heat shock. 

Using a two-color RNA fluorescent in situ 
hybridization assay, Gandhi et al. (18) measured 
pairwise correlations between RNA species regu- 
lated by the same promoter or by two different 
promoters. The Gal4-regulated genes GAL], GAL7, 
and GAL/0 were induced with 2% galactose, and 
their distributions were measured at steady state. 
As expected, single-cell correlation analyses showed 
strong correlations between GAL/ and GAL7, as 
well as between GAL/ and GALJ0. mRNA cor- 
relations were also found in other regulatory genes. 
Transcripts of the genes SWI5 and CLB2, which 
are expressed in the G,/M stages of the cell cycle, 
were strongly correlated with each other, but 
weakly anticorrelated with NDDJ, which domi- 
nates during the S phase. By contrast, constitutive 
genes such as MDN/1 (ribosome biogenesis), PRPS 
(pre-mRNA splicing), and KAP/04 (nucleocyto- 
plasmic transport) exhibited much less coordination. 

Although correlations at a single time point 
can reveal static relationships among different 
mRNA and protein species, this view lacks in- 
formation about the system’s history and causal 
relationships. If two proteins X and Y are cor- 


ry 
l ARAL a) I Led Ler A L774 eS 


07 r00'P Ho, rP PH Bo, n0'PH7Bo, 009'P Boy r00 VP A7Bo, n0PV WBo, 


oben eouteeS PECIALSECTION 


related, the questions remain: Does X activate Y; 
does Y activate X; or does a third protein W 
control them both? To illustrate this situation, 
Fig. 3A shows simple motifs by which proteins 
W, X, and Y could relate to one another, and Fig. 
3B shows typical scatter plots of the single-cell 
expression for proteins X and Y for these motifs. 
When static correlations cannot discriminate be- 
tween these motifs, dynamic correlations in single- 
cell fluctuations may help (26). Such analyses 
make use of the cross-correlation function (26), 
Rxy(t) = (X(t + 1)Y(t))/oxoy, which mea- 
sures how fluctuations in Y at time ¢ relate to those 
in X at time ¢+ t. Here, (...) denotes the covariance 
of two variables, and 6x and oy are the standard 
deviations of X and Y, respectively. The magni- 
tude of Rxy(t) reveals positive or negative regu- 
lation, and the timing of peaks in Rxy(t) reveals 
causality in this regulation. As examples, Fig. 3C 
plots the cross-correlation functions between pro- 
teins X and Y for each of the motifs in Fig. 3A. 
For the first motif, where X activates Y, the blue 
line in Fig. 3C (left) shows that Rxy(t) has a 
maximum, and because X is upstream of Y, this 
peak occurs at a negative delay time. Conversely, 
when protein Y is a repressor of X, Rxy(t) has a 
minimum at a positive t (Fig. 3C, second col- 
umn, red line). If both X and Y were controlled 
by W, the maximum or minimum would occur 
at t= 0, and its sign would be positive or neg- 
ative depending upon whether W has the same 
or different effects on X and Y (Fig. 3C, right 
two columns). 

Dunlop et al. (26) tested this dynamic cor- 
relation approach in live cells by inserting three 
fluorescent protein reporters of different colors 
into the E. coli genome. Yellow fluorescent pro- 
tein (YFP) was fused to the 4 CI repressor, which 
controlled expression of red fluorescent protein 
(RFP). Cyan fluorescent protein (CFP) was placed 
on a separate constitutive promoter. With the use 
of fluorescence time-lapse microscopy, all three 
colors could be monitored simultaneously over 
several hours. Dynamics of the YFP-RFP pair 
were anticorrelated with a delay of about 120 min, 
clearly revealing that CI-YFP repressed RFP (sim- 
ilar to Fig. 3C, second column, blue line). Con- 
versely, the unregulated YFP-CFP pair exhibited 
a delay-free correlation characteristic of common 
upstream regulators (extrinsic noise) that affect 
both YFP and CFP in a similar fashion (similar to 
Fig. 3C, third column). Thus, the causal relation- 
ships of all three reporters were uniquely deter- 
mined. Extending and applying this approach to 
the CRP-GalS-GalE feed-forward loop in E. coli, 
they analyzed how the relationship between GalS 
and GalE varies under different fucose concen- 
trations and under the influence of GalR (26). 

Although correlations at either mRNA or pro- 
tein levels can reveal gene regulatory relation- 
ships, the two do not always perform equally 
well. To illustrate this scenario, Fig. 3, D and E, 
show scatter plots and cross-correlations between 
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Fig. 3. Different regulatory motifs yield different steady-state correla- 
tions. (A) Schematics of four possible regulator motifs: X activates Y; X 
represses Y; W activates both X and Y; and W activates X but represses Y. 
For each motif, mRNA is produced according to the constitutive model; 
protein is translated from mRNA as a first-order reaction; and both mRNA 
and protein degrade as a first-order reaction. Regulation changes to the 
transcription rate are defined as ka(X) = aX*/(M* +X") for activation 
and kp(X) = aM*/(M* +X“) for repression. (B) Scatter plots of the pop- 
ulations of protein X and protein Y at steady state. (C) Dynamic cross- 


correlation functions of protein X and protein Y, versus the correlation time 
delay. The magnitude of Ryy(t) indicates how strongly X(t + 1) is correlated 
(positive) or anticorrelated (negative) with Y(t). For causal events, where X 
activates (or represses) Y, peaks (or dips) appear in Ryy(t) at negative values 
of t. Blue lines correspond to the motif in (A), and red lines correspond to 
the same motif in which X and Y have been interchanged. (D) Scatter plots 
for mRNA X and mRNA Y populations. (E) Dynamic cross-correlation for 
mRNA X and mRNA Y. Simulations were conducted with the stochastic 
simulation algorithm (35). 
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the mRNA X and mRNA Y corresponding to 
protein X and protein Y, respectively. Although 
protein X and protein Y are coordinated for all 
four motifs in Fig. 3, this is not the case for their 
mRNA levels. This can be explained by the dis- 
parate time scales of mRNA and protein. Fast- 
degrading mRNA may exhibit fluctuations with 
a broad frequency bandwidth. Conversely, slow 
degradation of proteins filters out fast fluctua- 
tions but keeps slow fluctuations. Constitutively 
expressed mRNA X has both fast and slow fluc- 
tuations, but protein X only transmits the slow 
fluctuations downstream. The result is that the 
dynamics of mRNA X and mRNA Y are dom- 
inated by uncorrelated fast fluctuations, which 
overshadow their correlated slow fluctuations. On 
the other hand, protein X and protein Y only 
contain the better-correlated slow fluctuations. 
That is, two mRNA species can be mostly un- 
correlated with one another, yet produce protein 
in a coordinated fashion. Gandhi et al. (18) ob- 
served such a circumstance in budding yeast, 
when they found very little correlation between 
pairs of transcripts that encode coordinated pro- 
teins of the same protein complex, including pro- 
teasome and RNA polymerase II subunits. They 
even found correlation lacking in two alleles of 
the same gene. In a related study, Taniguchi et al. 
(27) analyzed more than 1000 genes in E. coli 
and measured both mRNA and protein copy 
numbers in single cells. They found that for most 
genes, even the numbers of mRNA and protein 
molecules were uncorrelated. These studies sug- 
gest that understanding of regulatory phenomena 
requires one to consider regulation at both the 
mRNA and the protein level. 
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From these studies, it is now clear that var- 
iability in single-cell measurements contains a 
wealth of information that can reveal new in- 
sights into the regulatory phenomena of specific 
genes and the dynamic interplay of entire gene 
networks. As modern imaging techniques begin 
to beat the diffraction limitations of light (28) and 
flow cytometers become affordable for nearly 
any laboratory bench (29), we find ourselves in 
the midst of an explosion in single-cell research. 
With the advent of single-cell sequencing (30, 3/), 
it might be possible to determine the full tran- 
scriptome of many single cells in the near future 
and to determine the full expression distributions 
and correlations for all genes in the genome. We 
expect that the approaches described in this re- 
view, which have been pioneered with the model 
microbial systems, will be readily applied to mam- 
malian cells and tissues (32, 33). 
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REVIEW 


Computational Approaches 
to Developmental Patterning 


Luis G. Morelli,“7? Koichiro Uriu,”* Saul Ares,””>’* Andrew C. Oates?* 


Computational approaches are breaking new ground in understanding how embryos form. Here, 
we discuss recent studies that couple precise measurements in the embryo with appropriately 
matched modeling and computational methods to investigate classic embryonic patterning 
strategies. We include signaling gradients, activator-inhibitor systems, and coupled oscillators, 
as well as emerging paradigms such as tissue deformation. Parallel progress in theory and 
experiment will play an increasingly central role in deciphering developmental patterning. 


nimal and plant patterns amaze and per- 
plex scientists and lay people alike. But 
how are the dynamic and beautiful pat- 
terns of developing embryos generated? Used 
appropriately, theoretical techniques can assist 
in the understanding of developmental processes 
(J—5). There is considerable art in this, and the 
key to success is an open dialogue between exper- 


www.sciencemag.org SCIENCE VOL 336 


imentalist and theorist. The first step in this dia- 
logue is to formulate a theoretical description of 
the process of interest that captures the properties 
and interactions of the most relevant variables 
of the system at a level of detail that is both use- 
ful and tractable. Once formulated, the second 
step is to analyze the theoretical model. If the 
model is sufficiently tractable, it may be possible 


to understand its behavior with “pencil-and- 
paper” analysis and compare this analytical solu- 
tion directly with experimental data. Very often, 
however, the number of variables and the com- 
plexity of their interactions preclude this ap- 
proach, and the behavior of models must be solved 
or simulated by using computers in order to be 
understood and compared with data. This com- 
bined approach, which we refer to as computa- 
tional biology, has become popular recently with 
the availability of powerful computers and in- 
creasingly sophisticated numerical algorithms. 
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Fig. 1. Patterning strategies. (A) Signaling gradients supply global positional information. Horizontal 
axis is position within target tissue. Morphogen-producing cells are green; cells in tissue take identities 
(blue, white, and red) according to morphogen concentration. (B) Activator-inhibitor systems incorporate 
local positive and negative feedbacks to generate pattern. Distinct cell types are in red and blue. (C) 
Synchronization of genetic oscillators allows a tissue to generate a coherent temporal rhythm for pat- 
terning. In these snapshots, the phase of each oscillating cell is given by its color, which changes over 
time. (D) Tissue deformation can drive patterning reactions. Downstream of patterning information, the 
dynamic physical properties of tissues drive the morphogenesis of the embryo. t, time. 
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Fig. 2. Patterning with signaling gradients. (A) Schematic of early fruit fly embryo showing the maternal 
gradient of Bicoid protein at cycle 13 that directs the formation of precise target gene domains such as 
hunchback and knirps. (B) Proposed gene regulatory network showing cross-regulation of target genes 
(9). The four genes are also under control of Bicoid and other players. t, time. 


In this Review, we hope to introduce scientists 
familiar with computational methods (geeks) to a 
selected set of interesting developmental problems 
(Fig. 1) and to illustrate to developmental biologists 
(nerds) a selected set of powerful tools. We focus on 
recent studies investigating four developmental 
patterning strategies: (1) gradients of signaling mol- 
ecules released from localized source cells that 
guide global pattems across target cell populations 
(Fig. 1A). This external control contrasts with self- 
organizing strategies within the cell population that 
use local interactions, such as (ii) activator-inhibitor 
mechanisms (Fig. 1B) and (iti) the synchronization 
of cellular oscillations (Fig. 1C). (iv) Mechanical 
deformations can also change the pattern of a cel- 
lular population (Fig. 1D). Although models are 
often useful in explaining and predicting develop- 
mental phenomena, the eventual fate of a given 
model is to be proven wrong and then modified or 
replaced, as illustrated in the companion article on 
cell polarity by Mogilner and colleagues on page 
175 of this special issue. Perhaps the greatest impact 
of computational approaches in developmental 
biology right now is to force hypotheses to be pre- 
cisely stated and to stimulate corresponding new 
quantitative experiments to test them. 


Patterning with Signaling Gradients 


Morphogens are diffusible signaling molecules 
that can activate target genes in a concentration- 
dependent manner. During development, mor- 
phogen gradients are established across tissues, 
diffusing away from localized sources (Fig. 1A). It 
has been proposed that cells read morphogen 
levels to determine their position within the tissue 
and differentiate accordingly (6), and there is good 
evidence that morphogen gradients can direct 
cell differentiation in target cells. How these gra- 
dients are formed, and whether they are sufficient 
to control differentiation in very precise domains, 
are open questions that have benefited from com- 
putational approaches. 

An important model system for studying these 
questions is the early embryo of the fiuit fly Dro- 
sophila, in part because its geometry and symmetry 
simplify description and quantitation (Fig. 2A). 
One of the maternally deposited cues that breaks 
the symmetry along the embryo’s long axis is bicoid 
mRNA, which is present only in the anterior pole. 
Bicoid protein is translated and transported (7), 
creating within an hour an exponentially decreas- 
ing concentration gradient over several hundred 
micrometers along the embryo’s axis. This gradient 
directs the formation of precise domains of four 
target genes—among them /unchback—tat es- 
tablish the first segments of the future fly body (Fig. 
2A). Given the stochastic nature of gene expression, 
discussed in the companion article by Munsky 
and colleagues on page 183 of this special issue, 
morphogen concentration is expected to fluctuate, 
both over developmental time and from one indi- 
vidual to another. The stunning precision in the 
position of the boundaries of the segmented out- 
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put pattern that is found despite these fluctua- 
tions puzzles both nerds and geeks. The field has 
wrestled with the issue of whether this precision 
can be achieved through the Bicoid gradient alone, 
or whether other mechanisms are required. 

Contributing to this debate, recent papers by 
Manu et al. (8, 9) formulated the interactions be- 
tween four target genes downstream of the ma- 
ternal gradients in the early embryo using a gene 
regulatory network (GRN) model, in which each 
variable represents the quantity of a molecular spe- 
cies (Fig. 2B). One of the limitations of GRN mod- 
els is that great experimental effort is often required 
to estimate relevant values of the model’s many 
parameters in the embryo. Parameters for this Dro- 
sophila segmentation model were obtained com- 
putationally by finding those combinations that 
best reproduced a time series of quantitative spatial 
gene expression data from the embryo. The model 
hinted that cross-regulatory interactions between 
target genes in the GRN reduce the variability in 
the position of their expression domains. 

One problem in understanding a model is that 
as the parameters vary, the general dynamic be- 
havior of the system can change dramatically. 
These changes are called bifurcations, and using 
powerful tools from dynamical systems theory (/0), 
Manu et al. (9) performed a bifurcation analysis of 
the model to identify the fundamental behaviors 
that the system can display over a given set of real- 
istic parameter values. The model predicts that cells 
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in the anterior of the embryo select a stable state 
of the dynamics, and the concentrations of targets 
change as Bicoid levels drop. In the posterior of 
the embryo, the system never reaches a stable state 
because gastrulation happens first. Describing the 
simple behaviors of a complex regulatory network 
in this compact way is appealing because it makes 
similarities to other regulatory systems clearer and 
also makes falsifiable predictions about distinctive 
behaviors that can be experimentally tested. 
Fluctuations in gene product levels generate 
molecular noise that limits the precision of sig- 
naling gradients and also degrades the targets’ 
outputs. This problem can be formulated precise- 
ly by using the tools and concepts from information 
theory—originally used in engineering—which 
quantifies the flow of information through com- 
munication channels. A key concept is the mutual 
information between two variables, such as, for 
example, Bicoid and Hunchback levels. An elegant 
computation by Tkaéik and Walczak used exist- 
ing precise measurements of morphogen levels 
(71) to estimate the mutual information between 
Bicoid and Hunchback (/2). On the basis of their 
result, they argued that if similar results hold for 
the other target genes under Bicoid control, the 
combined information conveyed by the four genes 
would be enough so that each of the roughly 100 
rows of nuclei could unambiguously determine its 
position along the Drosophila embryo. To test this 
hypothesis, combined high-quality spatial expres- 
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Fig. 3. Patterning with activator-inhibitor systems. (A) Local activation and lateral inhibition generates 
spatially heterogeneous patterns. (B) Interactions between black and yellow pigment cells produce Turing 
patterns in zebrafish skin. Mutual inhibition between them functions as self-activation for the yellow cells. 
Each yellow cell activates distant black cells. Therefore, inhibition of the yellow cell by the black cell works 
as a lateral inhibition. (C) Different modeling approaches to spontaneous pattern formation. 
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sion data for the other target genes in the system 
will be necessary. Thus, information theory is emerg- 
ing as a potentially powerful tool to quantify inf 
ormation transmission in developmental GRNs. 
As yet, it is unclear whether the bicoid gradient is 
sufficiently precise to instruct the precise bound- 
aries of its target gene domains, or whether other 
mechanisms are necessary, but computational biol- 
ogy has a central role in this discussion. 


Patterning with Activator-Inhibitor Systems 


Cells in a morphogen gradient use the local level 
of an externally provided signal to produce pat- 
terns (Fig. 1A). However, patterns such as spots 
and stripes can arise spontaneously from entirely 
local interactions. In 1952, Alan Turing proposed 
a reaction-diffusion (RD) mechanism to explain 
spontaneous pattern formation without signaling 
gradients (3). Specifically, he considered two 
diffusing chemical components, an activator and 
an inhibitor (Figs. 1B and 3A). By self-activation, 
the activator can locally increase its concentration 
(Fig. 3A). The activator in that region produces 
the inhibitor, which suppresses the activator in 
surrounding space because of faster diffusion. As 
a result, local peaks of activator self-organize from 
the almost homogeneous starting state, leading to 
the spontaneous formation of spatial patterns, such 
as stripes and spots in a two-dimensional (2D) 
space (so-called Turing patterns) (Fig. 1B). 

Subsequently, RD systems have been con- 
sidered to play important roles in spontaneous 
pattern formation (/4, 75). Although spatial struc- 
tures very similar to simulated Turing patterns 
have been observed in development, until recent- 
ly there was scant evidence showing that the 
Turing mechanism causes these structures. In- 
deed, conceptually elegant RD models of the 
Drosophila segmentation process introduced above 
proved to be entirely wrong (/6), and this failure 
may even have left some developmental biologists 
wary of further theoretical efforts. However, iden- 
tification of interaction rules and key molecular 
components in several putative RD systems (/7, 78) 
now suggests the potential of a long-awaited ex- 
perimental verification of these ideas. 

Skin pattern formation in fish has long been 
a candidate for patterning by use of the Turing 
mechanism (/9). To identify key interaction rules 
in the system, Nakamasu ef al. studied stripe for- 
mation in zebrafish skin (20). These black and 
yellow stripes are self-organized over 3 weeks by 
local interactions between black and yellow pig- 
ment cells, which fulfill the condition for Turing 
patterns (Fig. 3B). To confirm that the experi- 
mentally observed interactions between pigment 
cells can generate stripes, the authors first used 
deterministic partial differential equations to mod- 
el cellular dynamics. However, because the width 
of each stripe in zebrafish is only ~10 cells, 
Nakamasu et al. pointed out that stochastic effects 
caused by smaller cell numbers might prevent 
stable stripe formation. In that situation, it would 
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be a better formulation to explicitly 
describe stochastic behaviors of each 
single pigment cell, such as birth, move- 
ment, and cell death. The authors de- 
veloped a cellular automaton-based 
model (Fig. 3C) that includes the ob- 
served pigment cell interactions to 
study the robustness of stripe patterns 
against stochastic effects. Although 
such detailed models usually include 
several parameters not measured ex- 
perimentally, simulations of the cell- 
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molecular and cellular basis of the 
cellular-level interaction rules (2/) with 
further theoretical studies should reveal 
whether this is indeed a Turing system. 

Gradient patterning strategies can 
also be formulated as RD systems be- 
cause gradients can arise from diffu- 
sion of morphogens, and the pattern emerges due to 
reactions that involve these morphogens. However, 
the different length-scales involved in activator- 
inhibitor systems give rise to qualitatively different 
patterns, which are local in nature. This is an ex- 
ample of how very different developmental pattern- 
ing strategies can be described by using similar 
model formulations. 


Patterning with Genetic Oscillations 


The growing body axis of all vertebrate embryos is 
rhythmically and sequentially subdivided into seg- 
ments. For example, in the zebrafish embryo the 
multicellular segments are ~SO um long and form 
with a periodicity of 30 min. Inspired by such clock- 
like regularity, Cooke and Zeeman proposed the 
Clock and Wavefront model in 1976 (22). In this 
model, a biological clock ticks at the posterior of the 
elongating embryo, and the distance advanced by a 
wavefront along the embryonic axis during a cycle 
of the clock sets the length of a forming segment. 
More than 20 years later, the model was revived 
with the discovery of genetic oscillations in the chick 
embryo (23). This segmentation clock appears to be 
a tissue-level rhythmic pattern generator (24), in 
which a population of progenitor cells behave as 
coupled oscillators, self-organizing a collective 
rhythm through mutual synchronization (Fig. 1C). 

A clue to the existence of such a synchronized 
cell population came from zebrafish mutants that 
disrupt Delta-Notch intercellular signaling, in which 
coherent oscillations and segmental patterning 
are gradually lost (25). The current hypothesis is 
that in the wild-type embryo, Delta ligands under 
the control of a single-cell oscillator activate Notch 
receptors in the membrane of neighboring cells, 
and these receptors coordinate oscillating gene 
expression in the receiving cell (Fig. 4A). With- 
out Delta-Notch signaling, the single cells’ oscil- 
lations gradually lose synchrony. The plausibility 
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of this synchronization hypothesis has been studied 
by using GRN models showing that the Delta- 
Notch mechanism described above could keep 
neighboring cells oscillating in synchrony (26, 27). 

Given the previously mentioned difficulty of 
determining GRN parameters from embryos (28), 
an alternative and complementary model formu- 
lation is to use an effective theory with variables that 
represent processes for which there is a particular 
interest or a possibility of experimental compar- 
ison. For the segmentation clock, this approach has 
been applied to investigate the synchronization hy- 
pothesis by using theories based on coupled phase 
oscillators (Fig. 4B). In a phase oscillator model, the 
variables corresponding to oscillating molecular 
species are substituted by a single variable: the phase 
of the oscillation cycle, which advances in time with 
a given intrinsic frequency. The effect of Delta- 
Notch signaling is captured by a coupling function 
that speeds up or slows down a cellular oscillator 
depending on the phase of neighboring cells. Phase 
oscillator models do not offer direct insight about 
dynamics of individual molecular species, but their 
simplicity allows powerful insights about system- 
level dynamics from paper-and-pencil analysis. 
Furthermore, they allow a direct fit to experimental 
data relying on a few coarse-grained parameters 
such as the period of the oscillations (29). 

Using a phase oscillator model, the synchroni- 
zation problem of the segmentation clock was for- 
mulated as a competition between noise and the 
intercellular coupling that keeps cells in synchrony 
(30). Together with quantitative experimental dis- 
ruptions of Notch signaling in zebrafish, the mod- 
el allowed estimation of the noise level and coupling 
strength relevant for the tissue-level synchrony of 
the clock. Coupling involves the new synthesis of 
Delta ligand every cycle (Fig. 4A), and to repre- 
sent the anticipated duration of the ligand-receptor 
mechanism, Morelli et al. (29) included explicit 
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Fig. 4. Patterning with genetic oscillations. (A) Cyclic gene expression oscillates in individual cells because of a 
negative feedback loop, and oscillations are coupled to neighbor cells through the Notch pathway. (B) The mutual 
effects of cellular oscillators can be described by models of coupled phase oscillators. 


time delays in the coupling function of a phase os- 
cillator model. This delayed coupling theory made 
the prediction that changing the coupling strength 
could change the clock period and motivated the 
study of the dynamics of Notch mutants. Quanti- 
tative time-lapse measurements of segmentation 
period and analysis of clock gene-expression pat- 
terns in mutants matched the theoretical predictions 
and so identified the first candidates for segmen- 
tation clock period mutants (37). 

Although these studies have revealed some 
surprising insights into the segmentation clock’s 
dynamics, most quantitative data used to test 
models have come from static images (28, 31), 
and the desynchronization of the clock has not 
been directly observed. The advent of new tech- 
niques to observe cyclic gene expression in vivo 
(32) will allow key assumptions of the existing 
models to be directly tested. 


Patterning with Mechanical Deformations 


We complete our roster of patterning mechanisms 
with a recently discovered case driven by tissue 
deformations. An apparently simple behavior for an 
epithelial sheet is to elongate along one axis while 
shrinking along the orthogonal axis. During Dro- 
sophila development, the wing blade epithelium 
stretches into the familiar elongate wing shape, and 
each of the hairs protruding from the wing cells 
points distally—an example of planar cell polarity 
(PCP) patterning (Fig. 5A). Although proximo- 
distal gradients of PCP pathway components have 
been observed, they are not sufficient to produce 
the final wing hair polarity (33). Examination of 
cell shapes and trajectories from time-lapse movies 
shows that sharp contraction of the neighboring 
hinge region exerts anisotropic tension on the wing 
blade (34). Over a period of 15 hours, the blade 
deforms with a shear gradient arising from the cel- 
lular flow in the tissue. 


13 APRIL 2012 VOL 336 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on April 12, 2012 


AASPAL LOCA 


010) 704 070) 070) av “7070% 


7A “Zor “7070%' 070) 


A Development of pupal wing planar polarity 
Early pupa Late pupa 
mL CLL, = 
Hinge See ee 
Hinge 9 qt Blade } ' ae Blade aes 
pA >_> 
Vhyyyn ae 
—— — ae Anterior 
Tension on blade Local Proximal Distal 
from hinge polarity 
Posterior 
B Vertex model of cell packing geometry 
Area. 
s 
Junction ___ S Ss 
w o & 
@ oO at 3s 
Ro oe © 
Vertex aR nS SS 3s 
Py? re) cP 
oe PF SS 
OS es s 
w & o 
Force balance at vertex 
determined by Dae: ; . bs 
energy minimization Energy = elasticity + line tension + contractility 


Fig. 5. Patterning by mechanical deformation. (A) Overview of Drosophila wing development during 
pupariation, when the wing blade elongates and proximo-distal planar polarity is established. (B) 
Schematic of the vertex model used to calculate stable cell-packing geometries. 


Aigouy et al. explored the role of tissue shear 
in aligning the axis of cellular polarity with the 
proximo-distal axis of the wing blade by formu- 
lating a 2D vertex model of epithelial cell shape 
(Fig. SB) (35), incorporating an effective descrip- 
tion of the local recruitment of complementary PCP 
molecules to apposing cell boundaries (34). This 
new model predicts that polarity is reoriented by 
local rotation and cell flow—induced shear. Simu- 
lations show that shear associated with oriented cell 
division, proximo-distal cell elongation, and cell re- 
arrangement also contribute to the alignment of cell 
polarity with the long axis of the wing. Future work 
can investigate how the 3D baso-lateral surfaces of 
the epithelial cells in the wing affect this description, 
and how the PCP protein complexes involved dy- 
namically reorganize during cellular rearrangement. 
Thus, remarkably the final planar cell polarity of the 
completed wing may be a direct consequence of the 
externally applied stresses responsible for its exten- 
sion, via simple physical rules such as those that 
determine molecular polarity in liquid crystals (36). 

In this Review, we have mainly discussed 
chemical aspects of pattern formation as separate 
from downstream mechanics of morphogenesis 
(37, 38). Turing already wondered whether a closer 
linkage might be at work (/3), and it seems timely 
to reconsider development as having integrated 
mechanochemical aspects (39). For example, mo- 
tivated by recent findings on cell cortex dynamics 
in the nematode Caenorhabditis (40), Bois et al. 
studied pattern formation in an active fluid in which 
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mechanical contraction causes the flow of reactive 
chemical species (4/). This theoretical analysis 
showed that an active fluid extends the parameter 
space in which classical Turing systems generate 
spatial patterns. To what extent continuous feed- 
back between chemical and mechanical processes 
also underlies tissue-level phenomena in develop- 
ment is not yet clear, but it may be widespread. 


Outlook 


With the wide range of approaches in use, how 
should the developmental biologist select the ap- 
propriate modeling and computational methods? 
And where should the computational scientist dig 
for interesting problems in the vast field of develop- 
mental biology? Previous reviews have given mul- 
tiple examples and advice (J—5). Here, we argue 
that the first step is key: The level of description 
and model type should be matched to the best 
available data. The data should be quantitative, ac- 
curate, and precise, and the model should make 
falsifiable predictions. Although some researchers 
are fluent in both domains, most often a successful 
computational approach to developmental biol- 
ogy will involve a long-term dialogue between ex- 
perts across disciplinary boundaries. As advances 
in imaging and molecular methods increase ex- 
perimental resolution and complexity, correspond- 
ing theoretical and computational developments 
will be required to assemble the puzzle. This co- 
dependence should generate a wealth of new op- 
portunities for geeks and nerds alike. 
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To study the evolution of recombination rates in apes, we developed methodology to construct 

a fine-scale genetic map from high-throughput sequence data from 10 Western chimpanzees, 
Pan troglodytes verus. Compared to the human genetic map, broad-scale recombination rates 
tend to be conserved, but with exceptions, particularly in regions of chromosomal rearrangements 
and around the site of ancestral fusion in human chromosome 2. At fine scales, chimpanzee 
recombination is dominated by hotspots, which show no overlap with those of humans even though 
rates are similarly elevated around CpG islands and decreased within genes. The hotspot-specifying 
protein PRDM9 shows extensive variation among Western chimpanzees, and there is little evidence 
that any sequence motifs are enriched in hotspots. The contrasting locations of hotspots provide 
a natural experiment, which demonstrates the impact of recombination on base composition. 


ultiple factors are likely to influence 
DM eens rate, from the scales of 

individual hotspots to entire chromo- 
somes. Evidence as to the nature and importance 
of such factors can potentially be obtained by 
studying the evolution of recombination rates at 
different scales (/). For example, previous studies 
of localized regions suggest that recombination 
hotspots are typically not shared between humans 
and chimpanzees (2-6), likely due to the func- 
tion of the zinc-finger protein PRDM9 (2, 7, 8), 
which binds motifs associated with hotspot ac- 
tivity (7, 9) and is highly diverged between the 
human and chimpanzee reference genomes (2, /0). 
In humans, sequence variation within the PRDM9 
zinc-finger array leads to differential activity at 
both allelic and nonallelic cross-over hotspots 
(7, 11, 12), and alleles found only in individuals 
of African ancestry lead to population-specific 
hotspots in patterns of both linkage disequilib- 
rium (LD) and admixture (/3). 


Wellcome Trust Centre for Human Genetics, Roosevelt Drive, 
Oxford OX3 7BN, UK. *Department of Genetics, Albert Einstein 
College of Medicine, Bronx, New York, NY 10461, USA. 3De- 
partment of Human Genetics, University of Chicago, Chicago, IL 
60637, USA. ‘Department of Statistics, 1 South Parks Road, 
University of Oxford, Oxford OX1 31G, UK. Howard Hughes 
Medical Institute, University of Chicago, Chicago, IL 60637, 
USA. °Oxford Biomedical Research Centre, Nuffield Depart- 
ment of Medicine, University of Oxford, Oxford OX3 9DU, UK. 
Department of Bioengineering and Therapeutic Sciences, 
University of California, San Francisco, CA 94143-0912, USA. 
®Department of Comparative Genetics and Refinement, Bio- 
medical Primate Research Center, Lange Kleiweg 139 2288 G], 
Rijswijk, Netherlands. Department of Ecology and Evolution, 
University of Chicago, Chicago, IL 60637, USA. 


*These authors contributed equally to the project. 

tThese authors jointly supervised the project. 

tTo whom correspondence should be addressed. E-mail: 
mcvean@well.ox.ac.uk 


www.sciencemag.org SCIENCE VOL 336 


However, to assess whether different classes 
of hotspot evolve in different ways, or to study 
recombination rate evolution over broader scales, 
requires genome-wide fine-scale genetic maps, 
which have only been generated for humans 
(/3—16) and several distantly related model spe- 
cies including mice (/7) and yeast (78, 19). Ex- 
perimental techniques for identifying recombination 
events require either extensive pedigree data (/5) 
or molecular characterization of meiotic cells 
(17-19), which are impractical for many species 
of interest. Methods for estimating recombination 
rates from single-nucleotide polymorphism (SNP) 
data (20, 21) have been validated at both broad 
and fine scales (/4, 20), but there remains a gap 
for species without SNP arrays (i.e., most spe- 
cies). Hence, we set out to develop approaches 
based on sequence data, which, if successful, po- 
tentially open the possibility of producing genetic 
maps for many species. 

Constructing a fine-scale chimpanzee genet- 
ic map from population sequencing. The ge- 
nomes of 10 unrelated Western chimpanzees, Pan 
troglodytes verus, were sequenced (average 9.1 
coverage; table S1). Variants and haplotypes were 
inferred in a manner similar to that inferred for 
the 1000 Genomes Project (22, 23). Across the 
autosomes, we identified 5.3 million SNPs with a 
false-discovery rate of less than 3% (tables S2 
and S3 and fig. S1). With 85% power to detect 
variant alleles present more than once in the sam- 
ple (fig. S2) and >97% genotype accuracy (23), 
these data enable the construction of a high- 
resolution genetic map. 

A major challenge in estimating genetic maps 
from sequence data is that erroneous, misassembled, 
or incorrectly genotyped genetic variants may 
mimic the effects of recombination. Initial maps 
estimated from variation data by existing meth- 


ods (20) were dominated by large and artefactual 
increases in genetic distance (fig. S3) caused by 
clusters of false-positive SNP calls, often in large 
repeats that are systematically underrepresented 
in the chimpanzee reference genome (fig. S4). 
Most of these SNPs do not fail standard filters; 
hence, we developed regional filtering strategies 
(23). To validate the protocol and to estimate the 
sampling variance, we performed the same analy- 
ses on 10 human samples each from populations 
of European (CEU) and African (YRI) ancestry 
from the 1000 Genomes Project (22, 23). Genetic 
maps estimated for the human data sets showed 
strong correlations to previously generated LD- 
based maps, enabling us to quantify map quality 
(tables S4 and S5 and fig. S5) (76, 23). Hotspots 
estimated in the human data are concordant with 
previously described peaks in recombination rate 
(fig. S6). Moreover, we found a strong correlation 
between rates estimated in this study and from 
limited genomic regions in a larger sample of 
Western chimpanzees (5) (r = 0.67 at 20 kb; fig. 
S7). We conclude that sequencing data from only 
10 individuals gives sufficient power to identify 
hotspots and estimate recombination rates at broad 
and even fine scales. For comparative analysis, 
we aligned genetic maps from human and chim- 
panzee over 2.5 Gb of synteny, 90% of the as- 
sembled genomes (fig. S8). 

Broad-scale recombination rates. At the lev- 
el of entire chromosomes, recombination rates 
were found to be very similar in humans and 
chimpanzees (fig. S9), with the exception of chro- 
mosome 2, discussed below. Even at the mega- 
base scale, strong similarities emerge between 
human and chimpanzee rates, particularly driven 
by subtelomeric rate increase in both species 
(Fig. 1A). Yet we also found regions with sub- 
stantial divergence (Fig. 1B). Notably, inverted 
regions showed a lower correlation in rate than 
noninverted regions (Fig. 1C and fig. S10), de- 
spite causing no systematic change in mean rate, 
indicating that chromosomal rearrangements of- 
ten result in broad-scale changes in recombina- 
tion rate. Change in distance to the telomere is a 
major significant factor (table S6; P= 4 x 10°), 
with regions that move closer to the telomere in- 
creasing in rate. All except one of the inverted 
regions are pericentric; hence, the effect is not due 
to changes in proximity to the centromere. 

The most notable change in broad-scale re- 
combination rate is between the short arms of chim- 
panzee chromosome 2a and 2b and the orthologous 
regions in human chromosome 2, which origi- 
nated from a telomeric fusion event in the human 
ancestral lineage (24) and which provides a natu- 
ral experiment to explore the effect of chromo- 
somal organization on recombination (Fig. 1D). 
We found that whereas the subtelomeric regions 
of chromosome 2a and 2b in chimpanzee show 
high recombination rates, the rate over the syn- 
tenic region in humans is suppressed by nearly 
threefold, and overall, the genetic map length of 
the fused chromosome is reduced by 20%. The 
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extent to which recombination events are con- 
centrated within the fused region is no different 
than in the unfused regions (fig. S11), indicating 
that the change in broad-scale rates was not ac- 


complished by specifically eliminating cross-over 
events at hotspots. 

Although less pronounced, regions within struc- 
turally conserved chromosomes can also show 


large changes in rate between species (Fig. 1E; 
1-Mb correlation between human and chimpan- 
zee maps in conserved regions is 0.60). Using a 
linear model, we found that the strongest deter- 
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minant of rate divergence in noninverted regions 
was base composition, such that although there is 
a substantial correlation between GC fraction and 
recombination rate in humans (partial r = 0.51 at 
1Mb scale, with substantial variation between 
chromosomes, fig. S12), the correlation is much 
weaker in chimpanzees (partial r= 0.11; fig. S12). 
One consequence is that in low-GC regions (GC 
fraction <35%), the recombination rate in chim- 
panzees is more than 50% higher than in humans. 
Fine-scale recombination rates. In humans, 
the PRDM9-bound 13-base pair (bp) motif is 
clearly detected only in a minority of hotspots 
(25), although activity at some hotspots with no 
clear match is PRDM9-dependent (7, //). Nev- 
ertheless, there could exist different classes of 
hotspot in humans, some of which are PRDM9- 
independent and hence potentially shared between 
species. However, we found no evidence of sharing 
of recombination hotspots between species (Fig. 2, 
A and B, and fig. S13), even for human hotspots 
with no match to the PRDM9 motif (fig. S13). 
Despite the absence of hotspot sharing, the 
landscape of recombination in the chimpanzee 
population is dominated by recombination hot- 
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spots to a similar extent as in African populations 
(Fig. 2C; though European populations show 
greater concentration of recombination). More- 
over, the average fine-scale recombination rate 
profiles around genes and CpG islands are sim- 
ilar between species. Recombination increases on 
average by about 20% around transcription start 
and end sites and decreases on average by about 
30% within the transcribed region (Fig. 3A). Such 
concordance suggests that features affecting chro- 
matin state—for example, nucleosome occupan- 
cy, which is destabilized around CpG islands 
and promoters (26)—1may similarly shape the pro- 
pensity for recombination at these sites in hu- 
mans and chimpanzees (/7, 19, 27). Possibly 
reflecting a similar effect, we found recombina- 
tion to be elevated around CpG islands in both 
species (Fig. 3B), although the effect is stronger 
in chimpanzees (increase of nearly 50% in rate 
relative to background compared to 15% in hu- 
mans). The rate elevation around promoters in 
humans was found to be driven by genes that 
have a high rate of CpG methylation in sperm, 
but in chimpanzees it occurs around genes with 
low rates of sperm CpG methylation (fig. S14). 
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Extensive structural and sequence diversity 
in chimpanzee PRDM9. We sequenced 48 PRDM9 
alleles from Western chimpanzees, including al- 
leles from the 10 individuals for whom genome- 
wide data were collected. We found extensive 
variation in the number of zinc fingers and the 
identity of the DNA-contacting residues, with 
three common alleles of 6, 16, and 18 zinc fingers 
(Fig. 4A), a level of diversity greater than in hu- 
man populations (Fig. 4A and fig. S15). Se- 
quences from three Bonobo and one Eastern 
chimpanzee revealed a shared and hence po- 
tentially ancestral six—zinc-finger PRDM9 vari- 
ant (Fig. 4A) not found in the Western samples, 
suggesting that Western allelic diversity may have 
arisen since the separation of the subspecies ~0.51 
million years ago (28). Moreover, patterns of poly- 
morphism among zinc fingers pointed to recurrent 
adaptive evolution of DNA-contacting residues, 
as seen in other mammalian species (/0, 23). 

In humans, using the same number of hot- 
spots as detected in chimpanzees, we can identify 
the known motifs associated with hotspot activity 
(fig. S16). In Western chimpanzees, computation- 
ally predicted (23, 29) DNA-binding motifs for 
the different PRDM9 variants showed consider- 
able overlap of submotifs (fig. S17). However, 
we found no evidence for local increases in re- 
combination rate around any of the shared sub- 
motifs (Fig. 4C) or best matches to the predicted 
binding targets across the genome (23). 

Moreover, a systematic analysis of repeat- 
element families showed no overall correlation in 
recombination-localizing activity between humans 
and chimpanzees (Fig. 5A). The strongest acti- 
vating repeats in humans (LTR49, THEIA, and 
THE1B), which all contain the human PRDM9 
A-allele 13-bp binding motif CCTCCCTNN- 
CCAC, suppress recombination in chimpanzees 
(Fig. 5B, top). A second class of elements, typ- 
ically of low complexity (CT-rich, GA-rich, and 
G-rich), was found to be weakly activating in 
both species (Fig. 5B), whereas a few elements 
(e.g., L1PA2) suppress recombination in both 
species (Fig. 5b, middle right). Only a few ele- 
ments [notably (GGAA),, and MER92B elements] 
showed activation only in chimpanzees (Fig. 5b, 
bottom, and fig. S18). Among these and other re- 
peats, we found that motifs with high GC fraction 
and CpG dinucleotide content lead to local rate 
increases in chimpanzees (table S7). For example, 
on Alu elements the motif CGGGCGC showed 
significant hotspot enrichment (Peorected = 2 * 10%, 
RR = 1.2), but the effect was better explained by 
CpG content (fig. S19). 

We also carried out an exhaustive search for 
short DNA motifs enriched in nonrepeat DNA 
recombination hotspots relative to cold-spots, 
which identifies the known motifs CCTCCCT 
and CCCCACCCC and related sequences in the 
samples of 10 humans (/4) (RR = 1.16 and 1.28, 
respectively; P< 1 x 10°'° after Bonferroni cor- 
rection). In chimpanzees, the same approach only 
identifies two motifs, CGCG and CCCGGC, that 
are significantly enriched in chimpanzee hotspots 
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after Bonferroni correction (corrected P = 0.0024, 
RR = 1.28 and P = 0.015, RR = 1.31, respec- 
tively; table S8). Both motifs are typical of CpG 
islands. Overall, we could not identify any motif 
that was consistently activating in chimpanzees 
across multiple backgrounds (fig. S20). 

The influence of recombination on sequence 
evolution. Shifts in both local and broad-scale 


Fig. 4. Sequence and struc- A 
tural variation in chimpan- 

zee PRDM9 and implications 

for hotspot motifs. (A) Sche- 
matic representations of the 
zinc-finger arrays found in 
chimpanzee PRDM9 alleles with 
colors representing unique com- 
binations of DNA-contacting 
amino acids within zinc fin- 

gers. Western chimpanzee al- 

leles are labeled W1 through 
W11. Also shown is the puta- 
tively ancestral allele shared 
between Bonobo and Eastern B B20 
chimpanzee (A1), and the re- 240 
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molecular evolution while other factors, for ex- 
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Fig. 5. Recombination A 
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Recombination-influencing 
activity of repeat-element 
families in chimpanzees 
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The value reported is the 
ratio of the peak rate to 
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map. Top: Two elements (THE1B and LTR49) that are recombination-promoting 
in humans only. Middle: Elements that are recombination-promoting (CT-rich 
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gene conversion tracts (30, 37). Around human 
hotspots, we observed strong GC skew in both 
patterns of polymorphism (40% increase in GC 
skew at the hotspot center) and substitution (20% 
increase in GC skew), but only for mutations on 
the human lineage (Fig. 6A and fig. S21). In chim- 
panzees, we observed much weaker signals of GC 
bias (18% increase in GC skew at the hotspot cen- 
ter for polymorphisms compared to 10% increase 
for substitutions; Fig. 6B), despite comparable 
density and intensity for chimpanzee and human 
hotspots. These observations are consistent with 
a recent origin for hotspot locations in both spe- 
cies, and a more recent origin in chimpanzees. 
At the megabase scale, we found that changes 
in the rate of recombination between species cor- 
relate with changes in GC bias in both substitu- 
tions and polymorphisms (Fig. 6C). The correlation 
was stronger in polymorphism (7 = 0.39 in non- 
rearranged regions) than substitution (r = 0.25), 
consistent with the changes in broad-scale re- 
combination being evolutionarily recent. We see 
stronger correlations in regions that have experi- 
enced chromosomal rearrangements, where the 
changes in recombination rate have typically 
been greater. The most pronounced changes are 
seen in the chromosome 2 fusion region, where 
the suppression of recombination in the regions 
syntenic to the short arms of chimpanzee chro- 
mosomes 2a and 2b has led to a large reduction in 
GC skew over megabase scales (32). 
Discussion. Our study demonstrates how fine- 
scale genetic maps can be obtained by the anal- 
ysis of patterns of genetic variation obtained from 
population sequencing. Studying humans and 
Western chimpanzees, we found no hotspot shar- 
ing between the two species, consistent with earlier 
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repeats) or recombination-suppressing (L1PA2) in both humans and chimpan- 
zees. Bottom: Two elements [(GGAA), and MER92B] that are recombination- 
promoting in chimpanzees only. Number of elements after thinning is indicated. 
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reports based on limited data (2-6). The complete 
lack of hotspot sharing is consistent with the hy- 
pothesis that in humans, PRDM9 plays a critical 
role in localizing cross-over activity at all hot- 
spots, not just those that contain clear matches to 
previously identified motifs bound by PRDM9. 
Despite the marked shift in hotspot locations be- 
tween the two species, we found that some fine- 
scale patterns, particularly the average profile of 
recombination rate around genes and CpG is- 
lands, remain similar, pointing to the importance 
of chromatin state in influencing where double- 
strand breaks occur (/9) or to additional levels of 
control acting on broader scales (79, 33). 

A notable difference between the species is 
that in chimpanzees no repeat elements, simple 
DNA motifs, or predicted PRDM9 binding sites 
are strongly or consistently associated with hot- 


spot locations. There are three possible expla- 
nations. First, PRDM9 may have lost its role in 
specifying hotspot locations in chimpanzees, as 
has occurred in dogs, although we find no evi- 
dence for inactivating mutations (34). Second, 
PRDM9 alleles may each have similar specificity 
to target DNA sequences, but the substantial al- 
lelic diversity and their possibly recent origin may 
obscure signals for individual alleles. However, 
this hypothesis cannot explain why, when the den- 
sity and strength of hotspots at the population 
level are similar in African populations and West- 
em chimpanzees (Fig. 2c), we can recover known 
PRDM9-binding motifs in humans but no com- 
parable motif in chimpanzees. Third, PRDM9 may 
play the same role as in humans and mice, but 
individual PRDM9 alleles may bind to a much 
greater variety of target sequences than do the pre- 
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dominant human alleles. If so, hotspot localiza- 
tion in chimpanzees may be more strongly driven 
by other factors, such as chromatin state. Which- 
ever hypothesis is correct, one consequence is that, 
across the genome, no motif in chimpanzees will 
be strongly targeted for depletion by the inherent 
self-destructive drive of hotspots (though specific 
instances may be). 

Our results also reveal the different processes 
that operate at fine and broad scales. At broad 
scales, we find substantial correlation in recombi- 
nation rate between the species, which is disrupted 
by chromosomal rearrangement. However, even 
among conserved regions, less than 40% of 
the variance in chimpanzee recombination rate at 
1 Mb can be explained by the human rate. De- 
termining the factors that shape stasis and change 
in broad-scale recombination rates presents a key 


Subs. skew 


— Chimp —Human 


2 4 6 8 10 -10 6 -4 


Distance from human hotspot centre (kb) 


-2 0 2 4 6 8 10 


4.1} — Chimp Human J 
= : 
$ 1.0; 
£o9b 
S 0. 
n : 
-10 -8 -6 -4  -2 0 2 4 6 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 10 
Distance from chimp hotspot centre (kb) Distance from chimp hotspot centre (kb) 
C Non-inverted, r = 0.39 Non-inverted, r = 0.24 
+ Chimp inverted, r = 0.44 14al* Chimp inverted, r = 0.39 
1.87 « Human inverted, r = 0.38 “" | * Human inverted, r = 0.83 = 
v Fusion region, r = 0.69 Vv 1.3 | Y Fusion region, r = 0.59 v 
1.6} : 
° Vv 
s 2124 
s 1.44 © Vv 
= 314 ¥ 
€ 1.2} = 
2 o¥ 7 1.0 / + 
51.0} = 
e B09} Be 
§ 8 : 
teal * ” os} 
0.6 + 0.74 
* 
56 4 -3 -2 -1 0 1 2 3 4 5 56 4 -3 -2 -1 0 1 2 3 4 5 


Chimp rate - HapMap rate (cM/Mb) 


Fig. 6. The influence of broad- and fine-scale changes in recombination 
rate on GC-promoting mutations. (A) GC skew [defined as the ratio of the 
number of GC-increasing changes compared to GC-decreasing changes; see 
(23)] in both polymorphism (left) and substitutions (right). Estimates from 
mutations on the human lineage are indicated in blue, whereas those on the 
chimpanzee lineage are in red. Smoothed lines were estimated using loess. 
The observed increase in skew in humans is completely absent in chimpanzees. 
(B) As for (A), but around hotspots detected in chimpanzees. Although the 
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pattern of skew in chimpanzees is considerably weaker than for (A), no 
corresponding skew is observed in humans. (C) Broad-scale (1 Mb) effects 
of changes in recombination rate between chimpanzees and humans on 
patterns of GC skew in polymorphism (left) and substitution (right). Flux 
ratio is defined as the ratio of the GC skews in chimpanzees compared to 
humans. Chimpanzee recombination rate estimates are from the robust genetic 
map. Colors indicate different parts of the genome, with Pearson correlation 
coefficient indicated. 
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challenge in the study of recombination. A pop- 
ulation sequencing approach, such as the one 
taken here, should enable further informative 
studies of recombination across a wide range 
of species. 
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Observation of Skyrmions in a 
Multiferroic Material 


S. Seki,2* X. Z. Yu,” S. Ishiwata,? Y. Tokura’ 


A magnetic skyrmion is a topologically stable particle-like object that appears as a vortex-like 
spin texture at the nanometer scale in a chiral-lattice magnet. Skyrmions have been observed 

in metallic materials, where they are controllable by electric currents. Here, we report the experimental 
discovery of magnetoelectric skyrmions in an insulating chiral-lattice magnet Cuz0SeO3 through 
Lorentz transmission electron microscopy and magnetic susceptibility measurements. We find 
that the skyrmion can magnetically induce electric polarization. The observed magnetoelectric 
coupling may potentially enable the manipulation of the skyrmion by an external electric field without 


losses due to joule heating. 


jopological spin textures in solids are of 

| great interest to future spin-electronic 
technology. One example is a magnetic 
skyrmion (/—3), a vortex-like spin-swirling ob- 
ject (Fig. 1H) with a typical size of 10 to 100 nm, 
recently observed in chiral-lattice magnets (4—7). 
Conduction electron flow with low current den- 
sity can drive skyrmion motion, which in turn 
gives rise to the transverse electromotive force 
(S—10). Such electric controllability, as well as its 
particle-like nature with nanometric size, points 
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to potential application of skyrmions in high- 
density magnetic storage devices. 

Another promising route to electric control of 
magnetism is through the usage of multiferroics, 
insulating materials characterized by both mag- 
netic and dielectric orders (//). Recently, helical 
spin textures have been found to affect the sym- 
metry of charge distribution and magnetically in- 
duce electric polarization (P) in compounds such 
as TbMnO; (/2—/4). Such coupling between fer- 
roelectricity and magnetic structure enables versa- 
tile magnetoelectric response, such as the magnetic 
field () control of electric polarization direction 
(14) and the electric field (£) control of spin- 
chirality (15, 16), magnetic modulation vector (q) 
(17), and magnetic domain distribution (/8). Be- 
cause the energy dissipation by applied F is neg- 
ligible in insulators, this approach is energetically 
more efficient compared with the current-driven 
approach in metals or semiconductors. 
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In the noncentrosymmetic environment of a 
chiral lattice, the spin-exchange interactions are 
composed of two terms: symmetric §; Sj -like 
(e.g., ferromagnetic) and antisymmetric S$; x S; - 
like, where S; and S; represent spins on neigh- 
boring sites. The antisymmetric exchange term, 
called Dzyaloshinskii-Moriya (D-M) interaction, 
stems from the relativistic spin-orbit interaction 
and tends to stabilize helical (mostly screwlike) 
spin texture with fixed handedness (spin chiral- 
ity) against the simple ferromagnetic state. The 
skyrmions or their crystallized form are known 
to appear in a restricted window of magnetic 
fields and temperatures in chiral-lattice helimag- 
nets as the intervening state between the helical 
and field-induced spin-collinear (ferromagnetic) 
states. The crystallized form of skyrmions has 
been experimentally detected in specific metallic 
alloys with B20 structure, such as MnSi (4), 
Fe,_,Co,Si (5, 6), and FeGe (7). They all have a 
cubic crystal lattice with chiral space group 
P273, as well as the helimagnetic ground state 
formed as a result of the competition between 
the ferromagnetic exchange and D-M interac- 
tions (19). In bulk form, their magnetic phase 
diagram is characterized by the so-called A-phase, 
positioned within a narrow temperature (7) and 
magnetic field window just below the magnetic- 
ordering temperature (7.) (20-22), where the 
formation of a triangular lattice of skyrmions 
is confirmed by small-angle neutron scattering 
experiments (4, 5). In each skyrmion, spins at the 
core (or edge) of the vortex orient antiparallel (or 
parallel) to the applied H. The real-space obser- 
vation of skyrmion crystal (SkX) by Lorentz trans- 
mission electron microscopy (TEM) has been 
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achieved for the thin-film form of the specimen 
(6, 7), in which SkX is found to be stabilized 
over a much wider 7 and H range than in bulk 
specimen. Because the existence of the SkX state 
has been confirmed only in conductive materials 
(4, 5, 7), the dielectric nature of this spin state 
remains unexplored. 

The crystal structure of CuzOSeO3 is char- 
acterized by the same space group (cubic and 
chiral) P2;3 as the B20 alloys, but with very dif- 
ferent atom coordination (Fig. 1A) (23-25). Cu** 
(spin S = 1/2) sites are surrounded by either a 
square pyramid or a trigonal bipyramid of ox- 
ygen ligands, with the ratio of 3:1. Recent pow- 
der neutron diffraction (26) and nuclear magnetic 
resonance (27) studies suggested that a three- 
up, one-down type of ferrimagnetic spin arrange- 
ment is realized in the magnetic ground state 
below 7. ~ 60 K, where collinear spins align 
antiparallel among two inequivalent Cu’" sites 
(Fig. 1B). The single crystal of CuzOSeO; has 
been grown by chemical vapor transport meth- 
od (27). 

To investigate the nanometric-scale modifi- 
cation of the magnetic structure, we performed 


A 


a 
Le 
b =. 


high-resolution Lorentz TEM imaging of a thin- 
film single crystal of Cu,OSeO3 with a thick- 
ness of ~100 nm. Combined with a magnetic 
transport-of-intensity equation calculation, this 
technique enables mapping the lateral magne- 
tization distribution in real space (28). Under 
zero magnetic field for the (110) and (111) sample 
planes (Fig. 1, C and F, respectively), we ob- 
served the stripe patterns of the lateral magneti- 
zation, corresponding to a proper screw-spin 
order with a modulation period of ~50 nm, where 
spins rotate within a plane perpendicular to the 
magnetic modulation vector qg || <110>. These 
results are consistent with the existence of a finite 
D-M interaction and reveal that the magnetic 
ground state of Cu,OSeO3 is helically modu- 
lated. Note that the modulation period (~50 nm) 
of the magnetic moment is long enough as com- 
pared with the Cu-Cu atomic distance, being 
compatible with the local ferrimagnetic spin ar- 
rangement. With H ~ 800 Oe applied normal 
to the sample plane, the formation of a trian- 
gular lattice of skyrmions is observed both for 
the (110) and (111) planes (Fig. 1, D and G). 
Here, the diameter of a skyrmion is identical to 


H || [110] A | [114] 


Fig. 1. (A) Crystal structure of Cu.0SeO3, characterized by two inequivalent Cu* sites with different oxygen 
coordination. (B) Ferrimagnetic spin arrangement on Cu2* sites. (C to G) Lateral magnetization distribution 
map for a thin-film (~100-nm-thick) sample of Cuz0SeO3, obtained through the analysis of Lorentz TEM data 
taken at 5 K. The color wheel in the bottom-left corner of (F) shows the direction (hue) and relative magnitude 
(brightness) of the lateral magnetization. Panels (C) and (D), as well as (F) and (G), represent images for the 
(110) and (111) plane, respectively, and a magnetic field is applied normal to the observed sample plane. In 
both cases, proper screw-spin texture appears for zero magnetic field, whereas a skyrmion lattice with the 
identical spin chirality is formed for H = 800 Oe. A magnified view of (D) is shown in (E), where white arrows 
represent the magnetization direction. (H) Schematic illustration of a single magnetic skyrmion. 
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the modulation period of the helical spin state. 
Every skyrmion in the SkX state has a uni- 
form spin chirality (spin-swirling direction), and 
three magnetic modulation vectors always lie 
perpendicular to the applied H. These features 
are consistent with the recent report for the 
SkX state in B20 alloys (4, 6, 7). Based on these 
real-space observations, Fig. 2B shows the H-T 
phase diagram under H || [111] for thin-film 
Cu,O0SeO; determined through the measure- 
ment of skyrmion density. Skyrmions disappear 
for H > 1800 Oe, which implies transition into 
the collinear (ferrimagnetic) spin state. Typical spin 
textures for selected (7; H) points are displayed 
in Fig. 2, D to K. 

In B20 alloys, the stability of the SkX state 
essentially depends on the dimensions of the 
system: Whereas the SkX is stable over a wide 
T and H range in the two-dimensional (2D) limit 
(thin film), it shrinks into the narrow A-phase 
region in the 3D limit (bulk) (6, 7). To invest- 
igate the effects of dimensionality in our system, 
we studied the magnetic behavior of a bulk 
single crystal of Cu,OSeO3 for H || [111]. Figure 
3, A and B, indicate the H-dependence of mag- 
netization M and ac magnetic susceptibility ’ 
measured at 5 K. Around 600 Oe, the profile 
shows a steplike anomaly, and y’ also exhibits a 
clear kink structure. Above 1800 Oe, -value 
saturates at M ~ 0.5up/Cu° (where [tg is the 
Bohr magneton), which suggests the transition 
into the three-up, one-down ferrimagnetic state 
(Fig. 1B) (25, 26, 29). The same measurements 
are also performed at 55 (Fig. 3, D and E) and 
57 K (Fig. 3, G and H), and the obtained y’ 
profiles indicate that the above two magnetic 
transitions still take place at both temperatures. 
Notably, we found an additional dip anomaly 
for 200 Oe < H < 400 Oe in the x’ profile at 
57 K, which has not been identified previously. 
The H-T phase diagram for the bulk crystal of 
Cu,OSeO; obtained through H and 7 scans of 
Mand x’ is summarized in Fig. 2, A and C. The 
overall features of the magnetic phase diagram, 
including the existence of a narrow A phase char- 
acterized by the dip anomaly in the x’ profile, 
bear close resemblance to those reported for B20 
alloys (2/, 30). Considering the reported dimen- 
sion dependence for the stability of the SkX state 
in B20 alloys (6, 7), we conclude that the ob- 
served A phase represents the SkX state in the 
bulk form of Cu,OSeO3. The ground state of the 
bulk Cu,0SeO3 can be assigned to be helimag- 
netic, but with multiple g domains due to the 
high symmetry of the cubic lattice. Here, the ap- 
plication of H leads to the formation of a single 
q-domain state with H || q keeping the proper 
screw-spin texture, as antiferromagnetically aligned 
spins tend to lie perpendicular to the applied H. 
Such rearrangement of a g vector within the heli- 
magnetic state explains the steplike anomaly of 
the © profile (Fig. 3A) and the enhancement of 
the x’ value (Fig. 3B) observed around 600 Oe 
at 5 K, as in the case of B20 (e.g., Fe;_.Co,Si) 
compounds (22). 
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Fig. 2. Magnetic phase diagram under H || [111], deduced for (A) bulk and (B) 
thin-film forms of Cuz0SeO3, respectively. The former is determined by temperature 
(T) and magnetic-field (H) scans of magnetization (M), electric polarization (P), and 
ac magnetic susceptibility (y’), and the latter by the measurement of skyrmion 
density through Lorentz TEM imaging at selected data points (small gray circles). (C) 


Cu20SeO3 has recently been reported to 
show small anomalies in the dielectric constant 
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Magnified view of (A) near the A-phase (skyrmion crystal phase) region. (D to G) 
Magnetic field dependence of lateral magnetization distribution at 5 K with the 
same color wheel mapping as in Fig. 1, where a magnetic field is applied normal to 
the (111) thin film. (H to K) Temperature dependence of the magnetic domain 
configuration (underfocused Lorentz TEM images) with H = 400 Oe. 
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accompanied with magnetic transitions (26, 37). 
To fully understand the magnetoelectric response 
in this material, we performed the electric pola- 
rization measurement for each magnetic phase, 
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focusing on the [111] component of the electric 
polarization (P1114) under #7 || [111]. Figure 3C 
indicates the magnetic field dependence of Pj411 
at 5 K, measured after cooling at zero E and H. 


In the helimagnetic phase with multiple q do- 
mains (denoted as h’), Pr11; remains zero even 
under finite H (<400 Oe). Upon the transition 
into the single g-domain helimagnetic state (de- 
noted as h) around 600 Oe, Piii1j first takes a 
nonzero negative value but then changes its sign 
as H is further increased. In the ferrimagnetic 
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state (denoted as f), Pri11] saturates at a positive -2000 0 
value. The reversal of the H direction gives the 
same sign as that of Pr111). In general, applica- 
tion of H induces the continuous deformation of 
spin texture from proper screw to conical, and 
finally to collinear (that is, ferrimagnetic) (Fig. 4A). 
The variation of Pi111, with H || [111] appears to be 
well scaled with the relation thatP),11) = Po + BM 2 
(where Pp and 6 are the fitting parameters) (red 
dashed line in Fig. 3C), except for the low-H re- 


3000 
Magnetic Field (Oe) 


Similar behavior is observed at elevated tem- 
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Fig. 3. Magnetic field (H II [111]) dependence of magnetization M, ac magnetic susceptibility x’, and [111]- 
component of electric polarization (P{111;) measured for bulk single crystal of Cuz0SeO3 at 5 (A to C), 55 (D to 
F), and 57 K (G to I), respectively. Red dashed lines in the Pj13;-profiles indicate the numerical fit for the 
single-domain helimagnetic state with Pt1i1) = Po + BM. Letter symbols f, h, h’, and s denote ferrimagnetic, 
helimagnetic (single g domain), helimagnetic (multiple g domains), and skyrmion-crystal states, respectively. 


is, the bulk SkX phase (denoted as s) at 57 K— 
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gion where P remains zero probably due to the 
cancelation of P averaged over different g domains. 


peratures: 55 (Fig. 3F) and 57 K (Fig. 31). How- 
ever, when passing through the A phase—that 


Pit] Shows an abrupt change and takes a non- 
zero positive value. Each magnetic transition 
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Fig. 4. (A) Development of helical spin order under an applied magnetic field. (B) 
Spin distribution for a magnetic skyrmion crystal, with background color repre- 
senting the out-of-plane component of the magnetic moment (S*). Compatible 
symmetry elements are also indicated: twofold rotation axes followed by time 


coincides with the anomalies in the P-H profile 
(Fig. 2, A and C), suggesting a strong mag- 
netoelectric coupling in this material. The above 
results indicate that all the magnetic phases (fer- 
rimagnetic, helimagnetic, and even the skyrmion 
lattice spin state) can magnetically induce non- 
zero electric polarization with varying sign and 
magnitude. 

The emergence of P || H || [111] in these 
magnetic phases can be justified from the view- 
point of magnetic symmetry. The crystal struc- 
ture of Cu,OSeO;3 belongs to the nonpolar 
(paraelectric) space group P2;3, which possesses 
threefold rotation axes along <111> and 2;-screw 
axes along <100> (Fig. 4C). The skyrmion lattice 
spin texture itselfis also nonpolar, because it holds 
an orthogonal arrangement of a sixfold rotation 
axis (6) along H and twofold rotation axes followed 
by time reversal (2’) normal to H (Fig. 4B). When 
a skyrmion lattice is formed with H || [111] on 
the Cu,OSeO; crystal lattice, however, most of 
symmetry elements are lost, and only the three- 
fold rotation axis along the H direction survives. 
As a result, the system can become polar along 
the H direction, and the emergence of P || || [111] 
is allowed (Fig. 4F) (32). Likewise, the ferri- 
magnetic order with H || M || [111] (Fig. 4D) or 
the helimagnetic order with 17 || q || [111] (Fig. 4E) 
leaves only the threefold rotation axis or screw 
axis along H, and hence also allows the 
emergence of P || H || [111]. Because of the dif- 
ferent magnetic-moment distributions, however, 
the M dependence of Pj11;; becomes distinct 
between the helimagnetic (conical) and SkX or- 
ders, thereby causing the nonmonotonous change 
of Prii1y by way of the SkX state in the H- 
increasing/decreasing runs, as seen in Fig. 31. 
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Cu,OSeO; can be regarded as an insulating 
analog of B20 alloys, given the similarity in the 
crystal symmetry and a magnetic phase diagram 
characterized by the narrow A phase (SkX state) 
region; this might suggest that chiral-lattice cu- 
bic ferro/ferrimagnets ubiquitously host skyrmion 
spin texture regardless of metallic or insulating 
state. In insulators, the skyrmion can be accom- 
panied by electric polarization, which may enable 
manipulation of skyrmions by an applied electric 
field. In B20 alloys (6), skyrmions can appear not 
only in crystallized form but also as independent 
particles, especially at the phase boundary be- 
tween the collinear and SkX states. An individual 
skyrmion particle should locally carry a distinc- 
tive magnitude of electric dipole under the fer- 
rimagnetic background in Cu,OSeO3, which, in 
principle, allows the transport of skyrmions by 
the spatial gradient of an electric field as the pro- 
cess of minimizing electrostatic energy. Skyrmions 
in multiferroics may be a building block to design 
energy-efficient spintronic devices with unique 
magnetoelectric functions. 
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Demonstration of Entanglement 
of Electrostatically Coupled 
Singlet-Triplet Qubits 
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Quantum computers have the potential to solve certain problems faster than classical computers. 
To exploit their power, it is necessary to perform interqubit operations and generate entangled 
states. Spin qubits are a promising candidate for implementing a quantum processor because of 
their potential for scalability and miniaturization. However, their weak interactions with the 
environment, which lead to their long coherence times, make interqubit operations challenging. 
We performed a controlled two-qubit operation between singlet-triplet qubits using a dynamically 
decoupled sequence that maintains the two-qubit coupling while decoupling each qubit from its 
fluctuating environment. Using state tomography, we measured the full density matrix of the 
system and determined the concurrence and the fidelity of the generated state, providing proof of 


entanglement. 


ization of spin qubits (/—7), store quantum 
information in the joint spin state of two 
electrons (S—/0). The basis states for the S-7p 
qubit can be constructed from the eigenstates of 
a single electron spin, |t) and ||). We chose |S) = 


S inglet-triplet (S-7o) qubits, a particular real- 
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Fig. 1. Two-qubit coupling scheme. (A) A Bloch sphere can be used to describe the <0 Initialize 
states of the effective two-level system defined by the singlet and triplet states of the => 
qubit, with the z axis along the S-To axis and the x axis along the | t 1 )/I 1 t) axes. (B) 
Ascanning electron microscope image of the top of the device used shows gates used 
to define the S-7y qubits (white), dedicated control leads, the approximate locations 
of the electrons in the two qubits (red), and current paths for the sensing dots (green 
arrows). The left qubit uses the electrons labeled LR and LL, whereas the right qubit 
uses the electrons labeled RL and RR. (C) A schematic of the electronic charge — 
configurations for the IS) (blue) and the |7p) (red). This difference in charge con- 

figuration is the basis for the electrostatic coupling between the qubits. (D) The pulse 

sequence used to entangle the qubits: initialize each qubit in |S); perform a 1/2 


(IN2NItL) = IL) and |7o) = (1/N2)I11) + It) 
because these states are insensitive to uniform 
fluctuations in the magnetic field. The qubit can 
then be described as a two-level system with a 
representation on the so-called Bloch sphere 
(Fig. 1A). Universal quantum control is achieved 
using two physically distinct operations that drive 
rotations around the x and z axes of the Bloch 
sphere (//). Rotations around the z axis are driv- 
en by the exchange splitting, J, between |S’) and 
|To), and rotations around the x axis are driven 
by a magnetic field gradient, AB., between the 
electrons. 

We implemented the S-7 qubit by confining 
two electrons to a double quantum dot (QD) in a 
two-dimensional electron gas (2DEG) located 


D Right Qubit 


— 


91 nm below the surface of a GaAs-AlGaAs het- 
erostructure. We deposited local top gates using 
standard electron beam lithography techniques to 
locally deplete the 2DEG and form the QDs. We 
operated between the states (0,2) and (1,1), where 
(nz,Mp) describes the state with n,(np) electrons in 
the left (right) QD. The |S) and |7) states, the 
logical subspace for the qubit, are isolated by 
applying an external magnetic field of 700 mT in 
the plane of the device such that the Zeeman 
splitting makes 7. = |tt) and 7_ = || |) energet- 
ically inaccessible. The exchange splitting, J, is 
a function of the difference in energy, €, between 
the levels of the left and right QDs. Pulsed DC 
electric fields rapidly change e, allowing us to 
switch J on, which drives rotations around the 
z axis. When J is off, the qubit precesses around 
the x axis due to a fixed AB-., which is stabilized 
to AB./2n = 30 MHz by operating the qubit as a 
feedback loop between iterations of the experi- 
ment (/2). Dephasing of the qubit rotations re- 
flects fluctuations in the magnitude of the two 
control axes, J and AB, caused by electrical noise 
and variation in the magnetic field gradient, re- 
spectively. The qubit is rapidly (<50 ns) initial- 
ized in |S) by exchanging an electron with the 
nearby Fermi sea of the leads of the QD, by tun- 
ing the QD potentials so that only |S) lies below 
the Fermi energy. The qubit state is read out 
using standard Pauli blockade techniques, where 
e€ is quickly tuned to the regime where S occu- 
pies (0,2) and 7p occupies (1,1), allowing the 
qubit state to be determined by the proximal 
charge sensor. The charge state of the qubit is 
rapidly determined (~1 ts) using standard radio 
frequency techniques (/3, /4) on an adjacent 
sensing QD. 


Cc 
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rotation around the x axis; allow the qubits to evolve under exchange for a time 7/2; 
perform a x rotation around the x axis, thereby decoupling the qubits from the environment but not each other; evolve under exchange for 1/2; and perform state 
tomography to determine the resulting density matrix (fig. $3.) 
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To make use of the power of quantum in- 
formation processing, it is necessary to perform 
two qubit operations in which the state of one 
qubit is conditioned on the state of the other (/5). 
To investigate two-qubit operations, we fabricated 
two adjacent S-7p qubits such that they are ca- 
pacitively coupled, but tunneling between them is 
suppressed (Fig. 1B). A charge-sensing QD next 
to each qubit allows for simultaneous and in- 
dependent projective measurement of each qubit 
(see supplementary materials). We used the elec- 
trostatic coupling between the qubits to generate 
the two-qubit operation (/6). When J is nonzero, 
the |S) and |) states have different charge con- 
figurations in the two QDs because of the Pauli 
exclusion principle (Fig. 1C). This charge differ- 
ence, which is a function of €, causes the |S) 
and |7o) states in one qubit to impose different 
electric fields on the other qubit. As J is a func- 
tion of the electric field, the change in electric 
field imposed by the first qubit causes a shift in 
the precession frequency of the second qubit. In 
this way, the state of the second qubit may be 
conditioned on the state of the first qubit. More 
precisely, when a single qubit evolves under ex- 
change, there exists a state-dependent dipole 
moment, d, between |S) and |Z»), resulting from 
their difference in charge occupation of the QDs. 
Therefore, when simultaneously evolving both 


qubits under exchange, they experience a capac- 
itively mediated, dipole-dipole coupling that 
can generate an entangled state. The two-qubit 
Hamiltonian is therefore given by: 


h 

Fy qubit = 3 J, (o, @1) a Jy(I @ 6-) +- 
Jug 
2 
AB-1 (0x @1) ir 21 @ 6x)] (1) 


((6: -J) @ o,—1))+ 


where o,,,,- are the Pauli matrices, J is the identi- 
ty operator, AB. ;, and J; are the magnetic field 
gradients and the exchange splittings (i = 1,2 
respectively for the two qubits), and J), is the 
two-qubit coupling, which is proportional to the 
product of the dipole moments in each qubit. For 
a two-level system with constant tunnel coupling, 
the dipole moment scales as d; © 0J,/ée;. Em- 
pirically, we find that for experimentally rele- 
vant values of J;, 0J;/de; & Ji(e), so that Jj2 ° 
J\J>. As with the single qubit operations, this 
two-qubit operation requires only pulsed DC 
electric fields. 

In principle, evolving both qubits under ex- 
change produces an entangling gate. However, 
the time to produce this maximally entangled state 
exceeds the inhomogeneously broadened coher- 
ence times of each individual qubit, rendering 


REPORTS 


this simple implementation of the two-qubit gate 
ineffective. To mitigate this, we used a dynam- 
ically decoupled entangling sequence (/7, /8) 
(Fig. 1D). In this sequence, each qubit is prepared 
in |S) and is then rotated by 1/2 around the x axis 
(J; = 0, AB_ ;/2n ~ 30 MHz) to prepare a state in 
the x-y plane. The two qubits are subsequently 
both evolved under a large exchange splitting 
(J,/2n =~ 280 MHZ, J>/2n ~ 320 MHz >> AB.) for 
a time 1/2, during which the qubits begin to en- 
tangle and disentangle. A m pulse around the x 
axis (AB-) is then applied simultaneously to both 
qubits, after which the qubits are again allowed to 
exchange for a time 1/2. This Hahn echo-like 
sequence (/9) removes the dephasing effect of 
noise that is low frequency compared to 1/t, and 
the m pulses preserve the sign of the two-qubit 
interaction. The resulting operation produces a 
controlled phase (CPhase) gate, which, in a 
basis of {|SS),|ToS),|STo),|TZo7o)}, 1S an opera- 
tion described by a matrix diag(e ”,1,1,e ”). 
For T = Ten = Way the resulting state is a max- 
imally entangled generalized Bell state |.,.,) = 
eiml@o,+0,@)8iy_) which differs from the Bell 
state |‘Y_) = (1/2) |SS) — |ToTo)) by single-qubit 
rotations. 

To characterize our two-qubit gate and verify 
that we produced an entangled state, we per- 
formed two-qubit state tomography and extracted 
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£ Fig. 2. Proof of entanglement: concurrence and state fidelity. (A) A plot of the 
Y 0.4 difference of the sorted eigenvalues of the matrix R, which for positive values is 
oa equal to the concurrence c(p). States with a concurrence greater than zero 
; (shaded region) are necessarily entangled. (B) The fidelity with which the mea- 
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, (green), which differs from Ien¢) by single-qubit rotations and is the expected 
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0 decay due to decoherence. The solid lines are fits to the data. (Inset) The 
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change in ¢ (and therefore J) in the two qubits. Arrows indicate which y axis is 
to be used. (C) The Bell state fidelity as a function of time for different values of J (offset for clarity), with guides to show where the fidelity exceeds 1/2 for 
each curve. 
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the density matrix and appropriate entanglement 
measures. The tomographic procedure is careful- 
ly calibrated with minimal assumptions to avoid 
adding spurious correlations to the data that may 
artificially increase the measured degree of en- 
tanglement (fig. S4). We chose the Pauli set rep- 
resentation of the density matrix (/5, 20, 2/), 
where we measured and plotted the 16 two-qubit 
correlators (ij) = (6,6;) where 6; are the Pauli 
matrices and i,j € {1,X,Y,Z}. As a first measure of 
entanglement, we evaluated the concurrence 
(22) (Fig. 2A), C(p) = max{0, Aq — Ag — Ao — Ai} 
for different t, where p is the experimentally 
measured density matrix and A, are the eigenval- 
ues, sorted from smallest to largest, of the matrix 


R= V VPPyP, and p= (0,@0,)p*(6,@o,), and 
p* is the complex conjugate of p. A positive val- 
ue of the concurrence is a necessary and suffi- 
cient condition for demonstration of entanglement 
(22). For t = 140 ns, we extracted a maximum 
concurrence of 0.44. 

A positive value of the concurrence is a defin- 
itive proof of entanglement; however, it alone does 
not verify that the two-qubit operation produces 
the intended entangled state. To better character- 
ize the generated quantum state, we evaluated 
another measure of entanglement, the Bell state 
fidelity, F= (Pen/|p| Yen). This may be interpreted 
as the probability of measuring our two-qubit 
state in the desired |¥,,,). Additionally, for all 
nonentangled states, one can show that F' < 0.5 
(23, 24). The Bell state fidelity takes the simple 
form F = (/ A) Pont 7 P sxporimeity where Pot and 
P sections are the Pauli sets of a pure target Bell 
state and of the experimentally measured state, 
respectively. For our target state |.,,,), the result- 
ing Pauli set is given by (XZ) = (ZX) = (YY) = 1, 
with all other elements equal to zero (Fig. 3A). 

In an idealized, dephasing-free version of the 
experiment, as t increases and the qubits entangle 
and disentangle, we expect the nonzero elements 
of the Pauli set for the resulting state to be 


(YI) = (IY) = cos(Ji27), 
(XZ) = (ZX) = sin(Ji2t), (YY) =1 (2) 


Dephasing due to electrical noise causes the am- 
plitudes of the Pauli set to decay. However, the 
two-qubit Hamiltonian (Eq. 1) includes rapid 
single-qubit rotations around the S-7 axis 
(,J2 >> J\2/2m = 1 MHz) that change with t be- 
cause of imperfect pulse rise times in the experi- 
ment. These contribute additional single-qubit 
rotations around the S-7o axis of each qubit, not 
accounted for in Eq. 2. We determined the angle 
of the single-qubit rotations by performing a least- 
squares analysis to find the single-qubit rotations 
that map the experimental data to the expected 
state without rotations (eq. S1), which is a mod- 
ified form of Eq. 2 that accounts for dephasing. 
The decays due to dephasing were fit by calcu- 
lating p(d) in the presence of noise on J; and J, 
which leads to decay of certain terms in the den- 
sity matrix (25, 26). For the present case, where 
J\2 << Ji, Jo, we neglected the two-qubit de- 


phasing, which is smaller than single-qubit de- 
phasings by a factor of Jj/J}2, Jo/J\2 ~ 300, and 
we extracted a separate dephasing time for each 
individual qubit. We removed the single-qubit 
rotations numerically to simplify the presentation 
of the data (Fig. 3E). The extracted angles exhibit 
a smooth monotonic behavior that is consistent 
with their underlying origin (fig. S5). 

In the absence of dephasing, we would expect 
the Bell state fidelity to oscillate between 0.5 for 
an unentangled state and | for an entangled state 
as a function of t. This oscillation is caused by 
the phase accumulated by a CPhase gate between 
the two qubits. However, the qubits dephase as 
the state becomes increasingly mixed, and the 
amplitude of the oscillation decays to 0.25. In- 
deed, the following behavior is observed (Fig. 
2B): For very short 1, there is very little dephas- 
ing present, and the qubits are not entangled. As 
t increases, the Bell state fidelity increases as the 
qubits entangle, reaching a maximum value of 
0.72 at t= 140 ns. As 7 is increased further, we 
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continue to see oscillations in the Bell state fi- 
delity, but because of dephasing, they do not 
again rise above 0.5. 

Figure 2C shows these oscillations in Bell 
state fidelity as a function of t for several dif- 
ferent values of Jas € is changed symmetrically 
in the two qubits. We see that as the value of / 
increases in the two qubits, the time required to 
produce a maximally entangled state, 1,,,,, de- 
creases, but the maximum attainable fidelity is 
approximately constant. This is consistent with the 
theory that Ji2 oc as,/0 ei" oJ,/0 En & J ‘ J». 

To further understand the evolution of the 
quantum state, we focused on one value of J and 
compared the measured Pauli set to that expected 
from single-qubit dephasing rates and J; (eq. S1). 
Figure 3A shows the Pauli set for the measured 
and expected quantum states for t= 40 ns, which 
shows three large bars in the (Y7), (/Y), and (YY) 
components of the Pauli set. This is a nearly 
unentangled state. At t= 140 ns, we see weight in 
the (XZ), (ZX), and (YY) components of the Pauli 
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Fig. 3. Pauli set representation. (A) The elements of the Pauli set for the measured density matrix and the state 
expected from the entangling and dephasing rates for small t (unentangled). The Pauli set of the measured and 
expected states for (B) t = 140 ns (maximum Bell state fidelity 0.72); (C) t = Ten = 160 ns, which is a CPhase of 
m; and (D) t = 320 ns, which is an unentangled state. (E) The full measured Pauli set as a function of t, which 
shows the expected behavior for a gate. The y axes of adjacent elements in the Pauli set are offset by 1. 
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set (Fig. 3B), and we extracted a Bell state fidelity 
of 0.72, which demonstrates the production of an 
entangled state. For t = Ten = Oa = 160 ns (Fig. 
3C), we see a similar state to t= 140 ns, but with 
less weight in the single-qubit components of the 
Pauli set. This state corresponds to the intended 
CPhase of zm, although the fidelity is slightly 
lower than at t = 140 ns due to additional 
decoherence. Finally, at t = 1/J;2 = 320 ns (Fig. 
3D), where we expect the state to be unentangled, 
we again see large weight in the (Y/), (/Y), and 
(YY) components of the Pauli set, although the 
bars are shorter than the Pauli set for t = 40 ns 
because of dephasing of the qubits. We plotted 
the entire Pauli set as a function of time (Fig. 3E), 
which clearly shows the predicted oscillation 
(Eq. 2) between (Y7),/Y) and (XZ),(ZX), with 
decays due to decoherence. 

The two-qubit gate that we have demon- 
strated is an important step toward establishing a 
scalable architecture for quantum information 
processing in S-7 qubits. Although a Bell state 
fidelity of 0.72 is not as high as what has been 
reported in other solid state implementations of 
qubits (2/, 27), there are easily implemented im- 
provements to this two-qubit gate. State fidelity is 
lost to dephasing from electrical noise, and de- 
creasing the ratio ten)/T>°"’, where T>”” is the 
single-qubit coherence time with an echo pulse, 
is therefore paramount to generating high-fidelity 
Bell states. Large improvements can be made by 
introducing an electrostatic coupler between the 
two qubits (28) to increase the two-qubit cou- 


pling (/;2) and reduce T,,,;. We estimate that in the 
absence of other losses, if an electrostatic coupler 
were used, a Bell state with fidelity exceeding 
90% could be produced. Other improvements can 
be made by studying the origins and properties of 
the charge noise that dephases the qubit and 
mitigating its adverse effects in order to increase 
T,"’. This would allow future tests of complex 
quantum operations, including quantum algorithms 
and quantum error correction. Finally, the addition 
of electrostatic couplers would allow the qubits to 
be spacially separated and is a path toward im- 
plementing surface codes for quantum computation. 
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Topological Transitions in Metamaterials 


Harish N. S. Krishnamoorthy,”’2* Zubin Jacob,?* Evgenii Narimanov,* 


Ilona Kretzschmar,” Vinod M. Menon?+ 


Light-matter interactions can be controlled by manipulating the photonic environment. We 
uncovered an optical topological transition in strongly anisotropic metamaterials that results in 

a dramatic increase in the photon density of states—an effect that can be used to engineer this 
interaction. We describe a transition in the topology of the iso-frequency surface from a closed 
ellipsoid to an open hyperboloid by use of artificially nanostructured metamaterials. We show that 
this topological transition manifests itself in increased rates of spontaneous emission of emitters 
positioned near the metamaterial. Altering the topology of the iso-frequency surface by using 
metamaterials provides a fundamentally new route to manipulating light-matter interactions. 


etamaterials are artificial media in 
Mi the subwavelength features of 
the designed unit cells and coupling 
between them governs the macroscopic electro- 


magnetic properties (/). This control over mate- 
rial parameters has led to new applications (2—4) 
and also the ability to mimic and study physical 
processes, which is difficult by other methods 
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(5—7). One specific design freedom afforded by 
metamaterials is the control over the iso-frequency 
surface, the surface of allowed wavevectors at 
constant frequency (8, 9). The topology of this 
surface governs wave dynamics inside a medium. 

The ideas of mathematical topology play an 
important role in many aspects of modern phys- 
ics, from phase transitions to field theory to non- 
linear dynamics (/0, //). An important example 
of this is the Lifshitz transition (/2), in which the 
transformation of the Fermi surface of a metal 


from a closed to an open geometry (because of, 
for example, external pressure) leads to a dra- 
matic effect on the electron magneto-transport 
(73). In optics, the role of the Fermi surface is 
played by the optical iso-frequency surface 
w(k)) = const, which can be engineered by tai- 
loring the dielectric tensor, € (7’). We use this to 
demonstrate the optical equivalent of the “Lifshitz 
transition” —the optical topological transition (OTT) 
in which the very nature of the electromagnetic 
radiation in the metamaterial undergoes a drastic 
change. Effects on the kinetic and thermodynamic 
properties, such as the dynamics of propagating 
waves supported by the system and the electro- 
magnetic energy density, respectively, are modi- 
fied at the transition point and can be probed by 
following the light-metamaterial interaction using 
a quantum emitter. 

We considered a metamaterial structure that 
has a uniaxial form of the dielectric tensor € (7°) = 
diag (€x.,&,y,€z), Where €,, = & = € and e,, = 
€,. The iso-frequency surface for the extraordi- 
nary (TM-polarized) waves propagating in such 
a strongly anisotropic metamaterial is given by 


+i k2 o 
—— = = (1) 


& 8g oes 
Closed iso-frequency surfaces differing from a 
simple sphere (such as an ellipsoid) can occur 
in these metamaterials when ¢€),e, > 0 and 
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€| # €,. On the other hand, an extreme mod- 
ification of the iso-frequency surface into a hy- 
perboloid occurs when the dielectric constants 
show opposite sign (€; < 0 and ¢, > 0). We 
can design a metamaterial so that the dispersion 
of the dielectric constants leads to an OTT in 
the iso-frequency surface from an ellipsoid to a 
hyperboloid. 

The photonic density of states (PDOS) in the 
metamaterial is related to the volume enclosed 
by the corresponding iso-frequency surface (/4). 
Therefore, the topological transition from the closed 
(ellipsoid) iso-frequency surface for €) > 0 to 
an open (hyperboloid) iso-frequency surface for 
€ <0 (Fig. 1) results in a nonintegrable sin- 
gularity accompanied by a change in the density 
of states from a finite to an infinite value (in 
lossless effective medium limit). This optical an- 
alog of the Lifshitz transition in metamaterials is 
characterized by the appearance of additional 


k, 


electromagnetic states in the hyperbolic regime, 
which have wave vectors much larger than those 
allowed in vacuum. Light-matter interaction is 
enhanced because of the presence of these addi- 
tional electromagnetic states, resulting in a strong 
effect on related quantum-optical phenomena, such 
as spontaneous emission. 

The decay rate near a half space of a meta- 
material for a dipole-like emitter is given by 
(15-20) 


T =TVyac + T plasmon + Thigh-k (2) 


where Iya, and Pptasmon are the decay rates due 
to propagating waves in vacuum and the surface 
plasmon polariton (SPP) modes supported by the 
metamaterial, respectively, and This, is the de- 
cay rate enhancement due to the high—wave vec- 
tor states, which appear only beyond the OTT. In 
the near field of the metamaterial, when d << A 


k, 


Fig. 1. OTT: The optical iso-frequency curve changes from a closed surface such as an ellipsoid to 


an open hyperboloid. 
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Fig. 2. (A) Topological transition parameter (proportional to the local density 
of states) near the topological transition wavelength as a function of the real 
part of ¢). The sharp transition becomes a smooth crossover as losses are 
increased. (B) Lifetime of emitters placed on a practical realization of the 
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the decay rate is dominated by the contribution 
from the high—wave vector states (2/): 


2 
urIm(r,) 
Thigh-k ~ mee (3) 


where 1, is the dipole moment of the perpen- 
dicularly oriented dipole, 7, is the plane wave 
reflection coefficient of p-polarized light (2/), 
and d is the distance of the dipole from the in- 
terface. In a hyperbolic metamaterial half space 
where real(e|) < 0 


_ 2y ey les 
Im(rp) = Tella: (4) 


and for [real(e\) > 0], we have an elliptical dis- 
persion with Jm(r,) = 0 (assuming no losses). 
We thus introduce the topological transition pa- 
rameter o. = Jm(r,,), which is proportional to the 
local density of electromagnetic modes and char- 
acterizes the emergence of high-k metamaterial 
states. The effect of dispersive and lossy effective 
medium dielectric constants on the topological 
transition parameter (proportional to the sponta- 
neous emission rate) is shown in Fig. 2A. Al- 
though the losses reduce the sharp transition to a 
smooth crossover, the change in the iso-frequency 
surface topology still leads to an enhanced spon- 
taneous emission rate. 

Metamaterials with opposite signs of the di- 
electric constants can be realized by using metal- 
dielectric composites (22). We considered such a 
composite consisting of alternating layers of sil- 
ver (9 nm) and titanium dioxide (TiO2) (22 nm) 
corresponding to a 29% fill fraction of silver. 
Using the semiclassical theory of spontaneous 


—@— Multilayer 
—@— EMT 
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Wavelength (nm) 


metamaterial consisting of alternating layers of metal (silver, 9 nm) and 
dielectric (TiO, 22 nm) corresponding to the 29% fill fraction sample. A 
sharp reduction in the spontaneous emission lifetime is observed around 
the transition wavelength. 
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emission (23), we calculated the lifetime for quan- 
tum dots (QDs) placed in the near field of this 
metamaterial. Our simulation takes into account 
nonidealities arising because of realistic losses, 
dispersion, finite thickness of layers, sample size, 
and the substrate. Even in a practical structure 
(Fig. 2B), a clear modification in lifetime of the 
emitter is expected as the system transitions from 
elliptical to the hyperbolic dispersion regime over 
the spectral range of interest. The transition occurs 
because of the particular dispersion of coupled 
plasmons, which contribute to lifetime decrease 
only on the hyperbolic side of the transition (2/). 


Simulations carried out through effective medium 
theory (EMT) show good agreement with the 
prediction of numerical simulations (Fig. 2B). 
To experimentally observe the signature of 
the predicted OTT manifested through enhance- 
ment in spontaneous emission rate, we inves- 
tigated a metamaterial structure similar to that 
discussed above with multiple QD emitters po- 
sitioned on its top surface (Fig. 3A) (2/). The 
dielectric constants of the constituent thin films 
were extracted by using ellipsometry, and the ef- 
fective medium parameters are shown in Fig. 3B. 
This structure is designed to have e ~ 0 around 
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Fig. 3. (A) Schematic of the metamaterial structure. (B) Effective dielectric 
constants (real parts) of the structure determined with ellipsometry and effective 
medium theory. The transition from elliptical to hyperbolic dispersion occurs at 
621 nm. (C) Time-resolved photoluminescence data from QDs deposited on the 
metamaterial, control sample, and glass substrate at 605, 621, and 635 nm. 
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621 nm, which corresponds to the emission max- 
imum of the CdSe/ZnS colloidal QDs used in the 
experiment. The photoluminescence (PL) from 
the QDs has a full width at half maximum 
(FWHM) of ~40 nm, which allows investigation 
of the phase space of both elliptical and hyper- 
bolic dispersion regimes by use of the same sam- 
ple. In order to isolate the effects of the nonradiative 
decay and SPP-based enhancement in the ra- 
diative rate due to the metal, we also measured 
the spontaneous emission rates of QDs on a 
control sample that consisted of one unit cell of 
the metamaterial (2/). 


550 600 650 
Wavelength (nm) 


700 750 800 


dispersion 


615 


620 625 630 635 


Wavelength (nm) 


Clear reduction in lifetime is observed over 30-nm spectral bandwidth when the 
emitter is placed on the metamaterial. (D) Lifetime of the QDs as a function of 
wavelength on metamaterial, control sample, and glass substrate. QDs on the 
control sample and glass shows an increase in the lifetime with wavelength, 
whereas on the metamaterial, a slight decrease in lifetime is observed. 


13 APRIL 2012 


207 


Downloaded from www.sciencemag.org on April 12, 2012 


REPORTS 


208 


Fig. 4. The lifetime on the 0.9 eT 
metamaterial structures normal- 
ized with respect to the control 0.8 


samples. The wavelength axis 
has been normalized with re- 
spect to the transition wavelength 
to compare the three samples. 
Here, positive and negative AA 
correspond to hyperbolic and el- 
liptical dispersion regimes, re- 
spectively. The samples with fill 
fractions of 29 and 33% show 
the OTT manifested through 
sharp reduction in spontaneous 03 
emission lifetime when crossing 
over to the hyperbolic disper- 
sion regime. On the contrary, 
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such a reduction in lifetime. The experimentally observed transition is in good agreement with the 


theoretical prediction of Fig. 2B. 


Time-resolved PL measurements were carried 
out on the metamaterial sample, the control sam- 
ple, and the glass substrate (Fig. 3C) at the antic- 
ipated transition wavelength (621nm) and at 
spectral positions on either side (605 and 635 nm). 
The large change in the spontaneous emission 
lifetime of the QDs on the metamaterial com- 
pared with the glass substrate is due to the ex- 
citation of the high-k metamaterial states as well 
as the nonradiative contribution and the SPP 
modes of the metamaterial. When compared with 
the control sample, the metamaterial shows an 
enhancement in the spontaneous emission rate by 
a factor of ~3 at the transition wavelength and 
~4.3 deeper in the hyperbolic regime (635 nm). 
These enhancements are attributed to the high-k 
metamaterial states. The overall reduction in the 
lifetime of the QDs when compared with those 
on a glass substrate is ~11. 

The lifetime of the QDs increases as a func- 
tion of wavelength on both the glass substrate 
and the control sample (Fig. 3D). This is due to 
the size distribution of QDs and the dependence 
of the oscillator strength on the energy (24-26). 
On the contrary, the metamaterial sample shows a 
decrease in the lifetime as a function of wave- 
length and the shortest lifetime owing to coupling 
to the high-k metamaterial states (Fig. 3D). The 
coupling of the emission from the QDs into the 
metamaterial states was also verified by using 
steady-state PL measurements (fig. S6) in which 
a reduction in the PL intensity emitted in the di- 
rection away from the metamaterial sample was 
observed (2/, 27). 

To demonstrate the OTT, we studied the ra- 
diative lifetimes in three samples with differing 
volume ratio of metal to dielectric, which corre- 
spond to different transition wavelengths. We 
compared the lifetimes of the sample with 29% 
fill fraction of silver to one with 23% fill fraction, 
which lies deep in the elliptical phase, and to 
another sample that lies deeper in the hyperbolic 


phase, with fill fraction of 33% (2/). To make 
any conclusions regarding the effect of the OTT 
on the radiative lifetimes from the measurement 
of the total decay rates, the contribution of the 
high-k metamaterial states has to be distinguished 
from nonradiative decay and the SPP-assisted 
decay of the unit cell. Because the spacer and 
first-layer environment of the QDs is the same in 
the control and the metamaterial sample, we ex- 
pected similar quantum yield dependence on wave- 
length owing to near-field interaction of the QDs 
and the metallic structure. Thus, to account for 
purely the contribution from the high-k metama- 
terial states to the overall lifetime change, we 
normalized the QD lifetime on the metamaterials 
with that on the control samples (Fig. 4). The 
controls for the three samples are different and 
correspond to the unit cell of each metamaterial 
sample. To compare these three samples, which 
have OTTs at different wavelengths, we normal- 
ized the wavelength with respect to the transition 
wavelength, with positive and negative AA cor- 
responding to the hyperbolic and elliptical dis- 
persion regimes, respectively. 

We clearly observed a sharp reduction in the 
normalized lifetime of the samples with 29 and 
33% fill fractions that cross the transition wave- 
length, whereas the sample with 23% fill fraction, 
which lies in the elliptical regime, did not show 
this reduction. Whereas the combination of metal 
losses and finite thickness of layers leads to a 
smooth crossover, the signature of the transition 
is clear from the reduction in the normalized life- 
time in the hyperbolic regime. The difference in 
the absolute value of the normalized lifetimes in 
the two samples that show the transitions is due 
to the differing fill fractions (29 versus 33%) and 
associated difference in the dielectric constants. 
Thus, the changes in the lifetime observed exper- 
imentally in these metamaterial structures can be 
attributed to the increase in the photonic density 
of states that manifests when the system goes 


through the topological transition in its iso- 
frequency surface from an ellipsoid to a hyper- 
boloid, which is in good agreement with the 
theoretical prediction of Fig. 2B. 

We have established the occurrence of OTT 
in two metamaterial structures using spontaneous 
emission from a quantum emitter as the probe. 
Absence of OTT in a structure that lies solely in 
the elliptical dispersion phase has also been dem- 
onstrated. A host of interesting effects can tran- 
spire at the transition wavelength, such as the 
sudden appearance of resonance cones, which 
are characteristic of hyperbolic metamaterials (28), 
enhanced nonlinear effects, and abrupt changes 
in the electromagnetic energy density. We expect 
the OTT to be the basis for a number of ap- 
plications of both fundamental and technological 
importance through use of metamaterial-based 
control of light-matter interaction. 
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Ferroelectric Columnar Liquid Crystal 
Featuring Confined Polar Groups 
Within Core-Shell Architecture 


Daigo Miyajima,* 
Masaki Takata,?* Takuzo Aida** 


Fumito Araoka,”? Hideo Takezoe,2* Jungeun Kim,? Kenichi Kato,* 


polarization at zero electric field (E-field), to- 
gether with its electrical invertibility, is a pre- 
requisite. However, this goal is difficult to realize, 
particularly in dynamic molecular systems such 
as LC materials, as once oriented electrically, po- 
lar motifs reorganize spontaneously at zero 
E-field in such a way that their dipoles cancel each 
other either macroscopically or locally. Although 
FLCs with a smectic geometry (Fig. 1, A and B) 
have been reported (2-5), most require cell 


Ferroelectric liquid crystals are materials that have a remnant and electrically invertible polar order. 
Columnar liquid crystals with a ferroelectric nature have potential use in ultrahigh-density memory 


devices, if electrical polarization occurs along the columnar axis. However, columnar liquid crystals 
having an axial nonzero polarization at zero electric field and its electrical invertibility have not been 
demonstrated. Here, we report a ferroelectric response for a columnar liquid crystal adopting a core—shell 
architecture that accommodates an array of polar cyano groups confined by a hydrogen-bonded amide 
network with an optimal strength. Under an applied electric field, both columns and core cyano groups 
align unidirectionally, thereby developing an extremely large macroscopic remnant polarization. 


potential application in lightweight, easy- 


Poesnet liquid crystals (FLCs) have 
processable electrical devices for fast- 


A 


Fig. 1. Schematic illustrations of the electrical polarization behaviors of fer- 
roelectric liquid crystals (FLCs) with four different geometries. (A) and (B) 
illustrate the behaviors of smectic-type FLCs consisting of chiral rod-shaped and 
achiral bent-shaped molecules, respectively, whereas (C) and (D) represent those 
of columnar FLCs composed of chiral discotic and achiral umbrella-shaped 
molecules, respectively. Red and yellow arrows denote the directions of an ap- 
plied electric field (E-field) and the resulting polarization, respectively. Chiral rod- 
shaped molecules generate a layer polarization in the x-y plane. However, no 
macroscopic polarization develops because such a layer polarization is can- 
celed owing to its helical orientation with the helical axis along the z direction. 
To develop a macroscopic polarization, a thin cell has been used so that an 
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switching displays, rewritable memories, and 
nonlinear optics (7). For liquid crystalline (LC) 
materials to operate ferroelectrically, a nonzero 
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enhanced cell-surface effect unwinds the helical geometry as shown in (A). 
Achiral bent-shaped molecules, which likewise generate a layer polarization in 
the x-y plane, do not assemble in a helical geometry, so that a macroscopic 
polarization develops as shown in (B). Columnarly assembled chiral discotic 
molecules adopt a helical geometry, which generates a polarization in a per- 
pendicular direction (x direction) to the columnar axis when the helical geometry 
is unwound by means of a cell-surface effect as shown in (C). In contrast to (A) 
to (©), columnarly assembled achiral umbrella-shaped molecules (this work) 
generate a polarization along the columnar axis (z direction). Therefore, uni- 
directional orientation of such columns results in the development of a mac- 
roscopic polarization as shown in (D). 
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surfaces to help maintain an electrically gen- 
erated macroscopic polarization at zero E-field 
(6-8). To date, columnar FLCs, having a remnant 
and electrically invertible axial polarization (Fig. 


1D), have not been demonstrated. Although some 
columnar LCs develop an electrically invertible 
axial polarization (9, /0), they lose the polariza- 
tion within a millisecond (J0, //) when the 


applied E-field is turned off. Even when the 
structural relaxation is observed to be slow, the 
polarization disappears only within ~100 s (2) 
after the E-field has been turned off. Further- 
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Fig. 2. Schematic illustra- 
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5 um) equipped with pat- 
terned indium tin oxide (ITO) 
electrodes, which allowed 
an AC E-field (1.0 Hz, 20 
Vpp um ) to operate site- 
selectively from a vertical 
direction relative to the film 
sample. Dashed lines mark 
the border between E-field 
operating and nonoperating 
areas. In dark-view areas 
sandwiched by ITO electrodes, 
LC columns are oriented 
vertically. 
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more, unlike smectic FLCs, no columnar LCs 
are known to stabilize an electrically induced 
polarization along their columnar axes with the 
aid of cell surfaces. Here, we address a long- 
standing question of how to develop a ferro- 
electric response in a columnar architecture. 
Columnar FLCs having an axial nonzero polar- 


ization at zero E-field and its electrical inverti- 
bility (Fig. 1D) are considered candidate 
materials for ultrahigh-density memory devices, 
as individual columns, when vertically aligned 
with respect to the electrodes, could ultimately 
serve as a one-bit memory (/3, /4). If electrical 
polarization occurs in a direction perpendicu- 
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Fig. 3. (A and C) Effects of DC (10 V um’; filled circles) and AC (10 Hz, 20 Vpp um*; open circles) 
E-fields on oriented LC films (thickness, 5 um) of (A) 2a at 120°C and (C) 2b at 110°C, as observed by 
second-harmonic generation (SHG). (B) Thermal SHG profiles of a sample, obtained in (A) by use of a DC 
E-field (10 V um™*), upon (1) heating up to an isotropic phase (red circles), followed by (2) cooling to the 
LC mesophase (blue circles) in the absence of an E-field. Once the LC sample lost its SHG activity on phase 
transition to the isotropic phase, macroscopic polar order did not emerge until the resulting material was 
allowed to transform back to the LC mesophase by cooling and polarized by applying a DC E-field. (D) Effect 
of an AC E-field (10 Hz, 20 V,, um +), as observed by SHG at 120°C, on an oriented LC film (thickness, 
5 um) of 2a, polarized beforehand by applying a DC E-field (10 V um“) at 120°C. “Parallel” and 
“antiparallel” indicate that the data sampling was synchronously made when the switching AC E-field 
was directed parallel and antiparallel, respectively, to the DC E-field used for polarizing the sample. 
(E and F) SHG interferometry of an oriented LC film (thickness, 5 um) of 2a, polarized before the 
measurements by applying a DC E-field (10 V um *) at 120°C. (E) Schematic illustration of the optical 
setup for SHG interferometry. (F) SHG interferograms at different rotation angles (8) of a glass plate 
(b) in (E) at 120°C. Samples that gave blue and red data points were polarized beforehand at 120°C 
with (+) and (-) DC E-fields, respectively. Solid curves were obtained by theoretical fitting. IR, infrared; 
YAG, yttrium-aluminum-garnet. 
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lar to the columnar axis (Fig. 1C) (/5), such an 
ultrahigh-density memory device cannot be 
achieved. Thus, the goal of achieving columnar 
FLCs with an axial polarization (Fig. 1D) re- 
mains unresolved (/6—20). 

Here we report a columnar LC that can elec- 
trically develop a polarization along the co- 
lumnar axis and maintain its polar order over 
a wide temperature range below the clearing 
temperature (Fig. 2A). Furthermore, this rem- 
nant polarization can be electrically inverted 
at a rather low coercive field (2.3 kV cm), 
where the magnitude of spontaneous polariza- 
tion is much larger (P, ~5.0 C cm) than 
those of current smectic FLCs (P, < 1.0 uC cm”). 
Our molecular design uses fan-shaped 2a (Fig. 
2B) carrying a polar phthalonitrile head group 
that anchors tapered paraffinic wedges via a 
hydrogen-bonding amide linker. This molecule 
self-assembles into an umbrella-shaped object 
(21, 22) with polar cyano groups inside, which 
stacks up columnarly via hydrogen-bonding 
and van der Waals interactions at the amide and 
paraffinic parts, respectively (Fig. 2, C and D). 
The hydrogen-bonded amide network is devel- 
oped along the columnar axis and ensures a core— 
shell architecture, where a large paraffinic shell 
wraps around a polarizable core domain accom- 
modating an array of cyano groups. This core— 
shell architecture (Fig. 2D) was inspired by our 
recent work on E-field—responsive columnar LCs 
(23). We developed a particular type of “amide 
handle” that imparts an E-field—orientable na- 
ture to a variety of columnar LCs. In these cases, 
electrical orientation of the amide handles, by 
means of an alternating-current (AC) E-field, 
gives rise to large-area unidirectional orienta- 
tion of LC columns along the field direction; 
however, none were ferroelectrically polarizable. 
Nevertheless, the LC mesophase of compound 
la (Fig. 2B), which carries smaller paraffinic 
wedges than 2a, has an intrinsic polarization, 
although its direction cannot be electrically in- 
verted. We hypothesized that the inability to 
invert polarization may be due to a highly con- 
gested environment of the core part. Thus, com- 
pound 1b (Fig. 2B), bearing amide linkers with 
one more carbon than 1a, was synthesized in order 
to expand the core part appropriately. However, 
with such a small structural modification, the 
resulting columnar LC behaved paraelectrically. 

In this study, we increased the shell vol- 
ume of the core-shell architecture so that the 
hydrogen-bonded amide network, which con- 
fines the polarizable core, might become looser. 
We synthesized fan-shaped 2a together with 
2b as a core-expanded reference (Fig. 2B) (24). 
By means of differential scanning calorimetry 
(DSC) (fig. S5), polarizing optical microscopy 
(POM; Fig. 2, E and F), and x-ray diffraction 
(XRD; fig. S7) analysis, we confirmed that both 
compounds self-assemble into a hexagonal co- 
lumnar LC mesophase over a wide temperature 
range, including room temperature (phase dia- 
grams in Fig. 2B). The intercolumnar distances, 
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as determined from the observed XRD patterns, 
indicate that their columnarly stacked elemental 
motifs are umbrella-shaped (25). Furthermore, 
when a 1.0-Hz square-shaped AC E-field [20 V 
peak-to-peak (V,,) um™'] was applied site- 
selectively in a vertical direction, the LC films 
(thickness, 5 um) under crossed polarizers dis- 
played a dark view in an E-field—operating area 
(Fig. 2, E and F). Thus, these columnar LCs 
can be electrically oriented. 

FLCs should show a nonzero polarization at 
zero E-field, as well as electrical polarization 
switching. However, even nonferroelectric LCs, 
if contaminated with ionic species or if they relax 
slowly from an electrically polarized state, may 
display a switching profile that could be con- 
fused with ferroelectricity. Therefore, as in the 
case of la, we investigated LC samples of 2a 
and 2b using second-harmonic generation (SHG), 
which provides a convenient and reliable meth- 
od for optically demonstrating the existence 
of a polar order at zero E-field (26, 27). How- 
ever, regardless of whether their columns were 
preoriented by an AC E-field, neither 2a nor 2b 
showed an intrinsic SHG activity (Figs. 3, A 
and C, 0 to 3 min). Hence, we decided to ex- 
plore the effects of a direct-current (DC) E-field 
(10 V um!) on the polarization of these LC 
materials. Surprisingly a macroscopic polar- 
ization was electrically induced in a film sample 
(thickness, 5 um) of 2a and was maintained after 
the applied E-field was turned off. The SHG sig- 
nal appeared as soon as the DC E-field was ap- 
plied to the sample (Fig. 3A, filled circles) then 
gradually intensified, reaching a plateau in 3 min. 
When the DC E-field was turned off, a certain 
amount of the SHG activity was lost. However, 
the material still remained SHG-active. By con- 
trast, when an AC E-field (10 Hz, 20 Vp, wm *) 
was applied (Fig. 3A, open circles), SHG activity 
developed abruptly but was completely lost after 
the E-field was turned off. These observations 
allow us to conclude that the LC assembly of 2a 
is macroscopically polarizable by a DC E-field. 
Notably, the induced polarization is thermally 
stable and maintained up to the clearing temper- 
ature for the LC mesophase (Fig. 3B, red circles). 

We used SHG interferometry (28) to examine 
if the induced polarization in 2a is electrically 
invertible. The optical setup (Fig. 3E) was con- 
figured so that SHG, if any, from a sample in 
question could interfere with that from a quartz 
plate (a). Thus, when a glass plate (b) is rotated, a 
phase shift is induced between the incident SHG 
beam from a quartz plate and the incident fun- 
damental beam. Consequently, these SHG beams 
interfere constructively or destructively depend- 
ing on the rotation angle, resulting in the devel- 
opment of a fringe pattern. Indeed, when the LC 
film of 2a (thickness, 5 um) was polarized be- 
fore the measurement by applying a DC E-field 
(+10 V unr!) at 120°C, an interference fringe 
emerged (Fig. 3F). Notably, when the LC film 
was likewise pretreated in the opposite direction 
with the DC E-field (-10 V um), a mirror- 


image fringe pattern (Fig. 3F; blue and red 
lines) developed. Therefore, we conclude that 
2a gives rise to a ferroelectric response in its co- 
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lumnar assembly (Fig. 2A). By contrast, the SHG 
profiles of core-expanded 2b under AC (Fig. 3C, 
open circles) and DC (Fig. 3C, filled circles) 


B E-Field Off 
= 
Ss 
2 
@ 
= 
2 
£ 
o 
Cc 
2 
a 
fo} 
sis 
mn O L 
0 250 500 750 1000 
Time after Poling (min) 
D 0.2 


Current (a.u.) 
oO 


x XK 
-0.21/ ‘Applied -0.1 Applied 
AC E-Field AC E-Field 
-0.4 n L n L -0.2 4 1 4 4 1 4 
0 50 100 150 200 0 50 100 150 200 
Time (sec) Time (sec) 
E 80 
5 4.0l 
(6) 
Sy 
cc 0.0} 
2 
@ 
N 
3 -4.0}+ 
[e) 
[om 
-8.0 
-8 
F 3370 G 1660 
= t NH = C=0 5 
7 L vi oe 
E 3340} 2 : E 1650 Lae) 
Koy wae ty = So awe 
5 3310 le 5 2b eo gen efont 
a er ; a 8 
E 2a Le — 1640; Po i »* 
3 3280+ sg ‘9.7 = Ls 
oe wae % 1630 . 
© @ r at ae 
= 3250 ¢9...9---M..-& ad = * — O-@ 
0 70 90 110 130 150 0 70 90 110 130 @ 150 


Temperature (°C) 


Temperature (°C) 


Fig. 4. (A and B) Effects of a DC E-field (corona poling; 1.0 kV mm~’) on a free-standing LC film 
(thickness, ~8 tm) of 2a at 120°C, as observed by SHG. (A) Schematic illustration of the optical setup for 
corona poling. (B) SHG profiles of the sample measured at 60°C before and after corona poling at 120°C 
for 30 min, followed by heating to 160°C for 15 min and then cooling to 60°C in the absence of an E-field. 
(C and D) Polarization reversal current profiles (red curves) of oriented LC films (thickness, 5 um) of (C) 2a 
at 120°C and (D) 2b at 110°C on application of a triangular-shaped AC E-field (0.008 Hz, 20 Vp, um, 
black lines). (E) P-E hysteresis loop of an oriented LC film (thickness, 5 um) of 2a at 120°C, obtained 
by integration of the current profile in (C). (F and G) Infrared spectral change profiles at (F) 3370 to 
3220 cm * (NH) and (G) 1660 to 1620 cm + (C=O) of 1a (red circles), 2a (black circles), and 2b (blue 
circles) through the isotropic-to-LC phase transition. 
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E-fields indicated that the LC material in either 
case Is polarized only temporarily, as in the case 
of 2a under the influence of an AC E-field (Fig. 
3A, open circles). Thus, the columnar LC 
assembly of 2b is not ferroelectric but rather 
paraelectric. Unlike that of most smectic LCs, the 
ferroelectric nature observed for the columnar LC 
assembly of 2a is “genuine” in that the 
electrically induced macroscopic polarization is 
maintained solely by its chemical architecture 
without the need for substrate-induced physical 
perturbations from cell surfaces. Indeed, when a 
DC E-field was applied to a free-standing LC 
film of columnarly assembled 2a (corona poling, 
Fig. 4A), SHG activity emerged and was 
maintained unless the sample was heated above 
the clearing temperature for the LC mesophase 
(Fig. 4B). 

For device applications, coercive electric 
field (E.) and magnitude of polarization (P.), 
together with remnant polarization (P,), are 
important parameters (29, 30). For evaluating 
these parameters, a triangular-shaped AC E-field 
(20 Vp» um!) was applied at 120°C to an 
oriented LC film (thickness, 5 pm) of 2a. 
When the AC E-field frequency was in the 
range of 10 to 0.1 Hz, only featureless cur- 
rent profiles resulted (fig. S8), indicating that 
the electrical inversion of polarization is hard- 
ly induced. However, when the AC E-field fre- 
quency was further reduced (e.g., to 0.008 Hz), 
the sample started to display current peaks (Fig. 
4C) as a result of the inversion of polarization. 
Integration of the observed current profile af- 
forded a P-E loop with a clear hysteresis fea- 
ture (Fig. 4E) typical of ferroelectric materials, 
where E,, P;, and P, were evaluated as 2.3 kV 
em |, 5.8 wC em, and 1.7 uC cm”, respective- 
ly. Notably, the £, thus observed is much smaller 
than those of ferroelectric polymers. Further- 
more, the observed P, is larger than the highest 
P, values (<1.0 1C cm”) so far reported for 
ferroelectric LC materials with a smectic ge- 
ometry, although the value may contain a small 
margin of error due to a baseline fluctuation in 
Fig. 4C. By contrast, core-expanded 2b, as ex- 
pected from its paraelectric SHG response (Fig. 
3C), displayed a nearly featureless current profile 
over a wide range of the applied E-field fre- 
quency (Fig. 4D). 

Comparison of the structures of four fan- 
shaped LC molecules in Fig. 2B shows that 
the ferroelectric nature of 2a results from a 
delicate balance between the structural factors 
involved in the core and shell domains of the 
columnar assembly. Namely, the polar cyano 
groups, which are confined in the core domain 
of the column, are congested in such a way 
that their E-field—induced orientation, leading 
to a polarization along the columnar axis, can 
be maintained after the E-field is turned off. 
The core environment in prototype la seems 
to be too congested for the cyano groups to 
respond electrically, whereas those of core- 
expanded 1b and 2b are too flexible to main- 
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tain the induced orientation of the cyano groups. 
We consider that the ferroelectric columnar 
assembly of 2a could possess a slightly looser 
hydrogen-bonded amide network than proto- 
type la because of the accommodation of 
larger paraffinic wedges in the shell domain. 
To support this hypothesis, we investigated the 
infrared spectral change profile of 2a associated 
with the isotropic-to-LC phase transition, to- 
gether with those of prototype la and core- 
expanded 2b as references. As expected from 
the three-dimensional structural order in its LC 
mesophase, prototype la upon phase transition 
displayed an abrupt spectral change at the NH 
(Fig. 4F, red) and C=O (Fig. 4G, red) stretching 
vibrational bands. By contrast, the correspond- 
ing spectral change in core-expanded 2b was 
quite gradual; the stretching vibrational bands 
due to C=O and NH shifted almost monotoni- 
cally toward a lower wavenumber region (Fig. 
4, F and G, blue dashed curves). Furthermore, 
the wavenumbers of these vibrational bands 
were obviously larger than those of 1a in the 
LC mesophase. Therefore, the hydrogen-bonded 
amide network is much less developed and 
more labile than that in 1a. Meanwhile, in 
agreement with our hypothesis, 2a displayed a 
moderate spectral change profile between those 
of the two reference compounds (Fig. 4, F and 
G, black dashed curves), where the wave- 
numbers of its C=O and NH vibrational bands 
are present in-between those observed for la 
and 2b. 

As discussed in Fig. 3A, the LC assembly of 
2a displays both ferroelectric and paraelec- 
tric properties, for which the cyano and amide 
groups, respectively, are responsible. It is inter- 
esting to consider whether these two polar com- 
ponents interfere with each other in their electrical 
operations. To clarify this point, we used an 
oriented LC film (thickness, 5 um) of 2a, po- 
larly pre-ordered using a (+) DC E-field (10 V un), 
and an AC E-field (10 Hz, 10 V,, unr!) was 
applied periodically (shaded areas in Fig. 3D; 
each 10 min). SHG signals were sampled when 
the switching AC E-field was directed parallel 
or antiparallel to the DC E-field used for the 
paraelectric polarization. Synchronous with the 
operation of the AC E-field, the signal intensity 
quickly changed either positively or negatively 
depending on the timing for data sampling (Fig. 
3D), indicating that a paraelectric motion of the 
amide component was indeed activated. How- 
ever, whenever the AC E-field operation was dis- 
abled, the SHG activity of the material returned 
to the original level. Therefore, the paraelectric 
motion of the amide groups, which allows for 
the unidirectional columnar orientation (Fig. 
2E), does not deteriorate the orientation of the 
core cyano groups. Namely, in the core-shell 
columnar assembly of 2a (Fig. 2, C and D), 
the hydrogen-bonded amide network with an 
optimal strength imparts to the polarizable 
core domain a remnant but electrically invert- 
ible axial polarization (Fig. 2A). This is a key 
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design strategy for the long-standing issue of 
how to realize columnar FLCs. 
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Gravity Field and Internal Structure of 
Mercury from MESSENGER 
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Radio tracking of the MESSENGER spacecraft has provided a model of Mercury's gravity field. In the 
northern hemisphere, several large gravity anomalies, including candidate mass concentrations 
(mascons), exceed 100 milli-Galileos (mgal). Mercury's northern hemisphere crust is thicker at low 
latitudes and thinner in the polar region and shows evidence for thinning beneath some impact 
basins. The low-degree gravity field, combined with planetary spin parameters, yields the moment of 
inertia C/MR? = 0.353 + 0.017, where M and R are Mercury's mass and radius, and a ratio of the 
moment of inertia of Mercury’s solid outer shell to that of the planet of C,,/C = 0.452 + 0.035. A 
model for Mercury's radial density distribution consistent with these results includes a solid silicate 
crust and mantle overlying a solid iron-sulfide layer and an iron-rich liquid outer core and perhaps 


a solid inner core. 


substantial information regarding processes 

that have influenced thermal and tectonic 
evolution, and measuring a planet’s gravity field 
provides fundamental information for under- 
standing that body’s internal mass distribution. 
Mapping Mercury’s gravity field is consequent- 
ly a primary objective of the MErcury Surface, 
Space ENvironment, GEochemistry, and Rang- 
ing (MESSENGER) mission (/). 

On 18 March 2011, the MESSENGER space- 
craft was inserted into a ~12-hour, near-polar orbit 
around Mercury, with an initial periapsis altitude 
of 200 km, initial periapsis longitude of 60°N, 
and apoapsis at ~15,200 km altitude in the south- 
ern hemisphere. This highly eccentric orbit permits 
the mapping of regional gravitational structure 


T: internal structure of a planet preserves 


in the northern hemisphere at the maximum res- 
olution of a spherical harmonic model near peri- 
apsis but limits the recoverability of the gravity 
field to long wavelengths at southern latitudes. 
At the ascending and descending nodes of the or- 
bit (on the equator), the altitude of MESSENGER 
is about 4900 and 1200 km, respectively. 
During the first few weeks after orbit inser- 
tion, MESSENGER was tracked extensively at 
X-band (8 GHz) by stations of NASA’s Deep 
Space Network (DSN). After this initial period of 
nearly continuous tracking, the typical coverage 
was less frequent, limiting the number of direct 
periapsis passages that were observed. We have 
processed data from 18 March through 23 August 
2011, a tracking period that spans more than 
two Mercury sidereal days (2) (fig. S1). We lim- 


A 0° 30° 60° 90° B 0° 30° 60° 90° 


ited our analysis to 1-day arcs to reduce the mod- 
eling errors from the nonconservative forces, 
which grow quadratically with time. The aggre- 
gated normal equations developed from daily 
arcs were used to develop solutions of the gravity 
field of Mercury (2) to degree (/) and order (m) in 
spherical harmonics, a compromise between data 
sensitivity and global resolution. 

The gravity anomalies and gravitational po- 
tential (geoid) of the spherical harmonic solution, 
here termed HgM002, are depicted in Fig. 1, A 
and B, respectively. The northern lowlands, ~2 
km lower in elevation than surrounding terrain 
and approximately centered over the north pole 
(3), correspond to a broad gravity low (Fig. 2). 
At mid-latitudes, a west-southwest-east-north- 
east-trending, discontinuous upland that extends 
for nearly half the circumference of Mercury is 
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marked by weakly positive gravity anomalies 
and thus must be largely balanced at depth by 
thicker-than-average crust or lower-than aver- 
age densities. The gravity field in the northern 
hemisphere shows several regional anomalies 
that exceed 100 milli-Galileo (mgal) in amplitude. 
One such anomaly coincides with Mercury’s 
northern rise, a locally elevated region (centered 
at 68°N, 33°E) (3) within the northern lowlands 
and north polar gravity low. Another is associ- 
ated with the Caloris impact basin (31°N, 160°E), 
where some of the anomalous mass correlates 
with and can be attributed to regions of high to- 
pography on the basin floor (3). A third positive 
anomaly is near the Sobkou impact basin (36°N, 
226°E), but the gravity anomaly is centered on 
the southeast rim of that basin, complicating the 
relation between gravity and topography. Other 
positive gravity anomalies are not obviously as- 
sociated with mapped impact basins at the cur- 
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% 
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rent resolution of the gravity field. Attempts to 
resolve mass concentration (or mascon) anom- 
alies similar to those seen at prominent basins on 
the Moon (4) and Mars (5) from tracking obser- 
vations during MESSENGER’s first two Mer- 
cury flybys (6) and the third Mariner 10 flyby (7) 
have not produced definitive results. From har- 
monic solution HgM002, the only large, positive 
free-air gravity anomaly that is spatially well- 
correlated with an impact basin, the classical def- 
inition of a mascon (4), is that associated with the 
Caloris basin. 

The surface that represents Mercury’s refer- 
ence equipotential, or geoid (Fig. 1B), has a dy- 
namic range of 200 m, and its largest anomaly 
is centered at Caloris. Because the spacecraft 
altitude over the southern hemisphere is much 
higher than in the northern hemisphere, the geoid 
error, projected from the full covariance of the 
HgM002 solution, is less than 20 m north of 


B mGa 


car 
140 
120 
100 
80 
60 
40 
20 
0 
-20 
-40 
-60 
-80 
-100 


Fig. 2. (A) The radial component of the gravitational acceleration vector resulting from a 20 by 20 spherical 
harmonic expansion of Mercury's shape (3) given a density of upper crustal material of 3100 kg m~*. Results 
are shown in a polar stereographic projection north of 40°N. NR indicates the location of the northern rise. 
(B) The radial component of the gravitational acceleration vector resulting from the 20 by 20 HgM002 
spherical harmonic gravity solution. In both plots, the solution shown has been limited to spherical harmonic 
terms with degrees 6 and greater to emphasize local- to regional-scale anomalies. The calculation 
demonstrates that gravity and shape are correlated and that the topography, except for the northern rise, is 


approximately compensated. 


Table 1. Normalized* low-degree gravity coefficients in the HgMO02 gravity model for Mercury. 


Parameter Value Uncertaintyt Comments 

GM, km? s~? 22031.780 +0.02 No significant difference from HgM001. 

Co x 107° —2.25 +0.01 ~20% smaller than Mariner 10 estimate of 
(-2.68 + 0.89) x 10°. 

C1 x 10° —4.64 +5 Consistent with coalignment of gravity 
field and angular momentum vector. 

5>1 x 10°° 1.35 +5 

G2 x 10° 1.253 +0.01 Ratio of S22/C22 is small, indicating that the 
equatorial major axis of the gravity field is 
aligned with Mercury's “hot-pole” longitudes. 

5x9 X 107° 0.005 +0.01 

C39 x 10~° 4.49 +0.3 Negative value indicates that a periapsis 
over the south pole is needed for a stable 
spacecraft orbit about Mercury. 

Cap x 10~° -6.5 +0.8 


*Normalizations follow those of Kaula (29). 
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Uncertainties are best estimates rather than formal errors. 
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the equator but reaches 40 to 50 m in regions 
of mid- to high latitudes in the southern hemi- 
sphere. The presence or absence of large geoid 
features in the south cannot be confirmed with 
the present data. 

The gravity field has been combined with to- 
pography from MESSENGER’s Mercury Laser 
Altimeter (MLA) (3) to produce a map of the 
crustal thickness of Mercury’s northern hemi- 
sphere (Fig. 1C). On the basis of surface compo- 
sitional measurements (8, 9) from MESSENGER’s 
X-Ray Spectrometer (XRS) indicating that the 
crust is intermediate between basaltic and more 
ultramafic compositions, as well as melting ex- 
periments on candidate mantle compositions 
consistent with XRS measurements (/0), we as- 
sume a density contrast between the crust and 
mantle of 200 kg m *. On the basis of limits 
determined from flyby observations of gravity 
and topography (6, //) and constraints from 
tectonic models for the depth extent of faulting 
(12), we adopt a mean crustal thickness of 50 km. 
The uncertainty in this mean value represents 
the largest uncertainty in the crustal thickness 
model. We also assume uniform values for the 
densities of the crust and mantle and that all 
signals in the gravity field not produced by to- 
pography are signatures of relief on the crust- 
mantle boundary. The resulting map of crustal 
thickness (Fig. 1C) indicates that the crust is 
generally thicker (50 to 80 km) near the equator 
and thins toward the north polar region (20 to 
40 km), with the regionally thinnest crust located 
beneath the northern lowlands (3). The Caloris 
basin overlies an area of locally thin crust, con- 
sistent with the interpretation of mascon ba- 
sins on the Moon (/3) and Mars (/4) that crustal 
thinning beneath basins contributes substantial- 
ly to the observed gravity anomaly. The positive 
free-air gravity anomaly near Sobkou is asso- 
ciated with an adjacent topographic rise, and the 
anomaly extends in the directions of both the 
Sobkou and the Budh (17°N, 208°E) impact ba- 
sins. If the gravitational effects of topography 
are removed from the free-air gravity anomaly 
map, the resulting Bouguer anomaly shows strong 
positive anomalies centered over the Sobkou 
and Budh basins and a weaker negative anomaly 
over the rise, indicating crustal thinning directly 
beneath the basins and thicker crust beneath the 
rise (Fig. 1C). Like Caloris, Sobkou and Budh 
also qualify as mascons on the basis of a crust- 
mantle boundary that is substantially elevated 
beneath these basins. 

A comparison of gravity anomalies that 
would result from Mercury’s shape alone with 
the gravity anomalies from the HgM002 solution 
is made in Fig. 2. High-standing terrain borders 
many parts of the northern lowlands (3), as is also 
evident in the broader-scale view of the equiv- 
alent gravity field (Fig. 2A). Mild gravity anom- 
alies in this region (Fig. 2B) suggest a high 
degree of interior mass compensation. By con- 
trast, the northern rise has a gravity anomaly near- 
ly as strong as that due to shape alone (~150 
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versus ~170 mGal), indicating little mass com- 
pensation and a thick lithosphere. We have es- 
timated the thickness, 7;, of the effective elastic 
lithosphere beneath the northern rise by assuming 
that partial compensation takes place at the 
crust-mantle boundary and then finding model 
solutions that best fit the gravity anomaly in 
terms of crustal and elastic lithosphere thick- 
nesses (Fig. 2). Over a crustal thickness range 
of 25 to 100 km, 7, is 70 to 90 km, and the 
downward flexural deflection of the crust-mantle 
boundary is minor (3 to 5 km), consistent with 
the lack of a discernible crustal thickness anom- 
aly at the northern rise (Fig. 1C). An elastic litho- 
sphere is a surrogate for one with more complex 
temperature-dependent strength, but tempera- 
tures at a given depth in the lower crust and 
uppermost mantle vary approximately inversely 
with 7.. The northern rise, part of the northern 
smooth plains volcanic complex (/5), has been 
estimated from its impact crater size-frequency 
distribution to have a surface that formed ~3.7 to 
3.8 billion years ago (Ga), substantially younger 
than that of the surrounding heavily cratered 
highlands (/6). The greater level of apparent 
mass compensation of the highlands will yield, 
under similar assumptions, a thinner elastic lith- 
osphere and higher crustal and mantle tempera- 
tures at the time of formation than the northern 
rise. The inference that Mercury’s interior gen- 
erally cooled with time is in keeping with thermal 
evolution models for the terrestrial planets. 7. es- 
timates for Mars derived from gravity-topography 
relations for regions with ages of major topo- 
graphic features similar to that of the northern 
rise, in contrast, are considerably smaller (/7). 

The major parameters of gravity field solution 
HgM002, including the product of the gravita- 
tional constant and Mercury’s mass (GM), are 
given in Table 1. The GV value is close to that 
given by the most recent previous model of 
Mercury’s gravitational field (HgM001), derived 
solely from the tracking of MESSENGER during 
its first two near-equatorial flybys (6). 

The covariance matrix of solution HgM002 
was used to generate clone models of the gravity 
field in order to analyze the error characteristics 
for the degree-2 coefficients and C3 (2) (fig. S5). 
The harmonic coefficients C29 and Cp are tight- 
ly bounded with small relative uncertainties, and 
C>, and S>; are small (Table 1). 

The Cy9 and C2 terms provide important 
constraints on the interior structure of Mercury 
because they are directly relatable to the radial 
distribution of density. Earth-based radar mea- 
surements of Mercury’s pole position confirm 
that the planet occupies a Cassini state in which 
the axis of rotation remains coplanar with the 
orbit normal and the normal to the Laplace plane 
as the spin vector and the orbit normal precess 
together about the latter with an ~300,000-year 
period (/8). Radar observations also show that 
the amplitude of the 88-day physical libration in 
longitude is so large that the mantle and crust 
must be librating independently of the core (/8). 


This state allows the determination of Mercury’s 
normalized polar moment of inertia, C/MR’, where 
R is Mercury’s mean radius, and a measure- 
ment of the ratio of the polar moment of inertia 
Cm Of the solid outer portion of the planet (6, 78) 
to that of the entire planet (/9, 20). The values 
of Crp and C22 (Table 1), combined with Earth- 
based radar measurements of the amplitude of 
Mercury’s forced libration and obliquity (78) and 
ancillary data on the precession rate and pole 
position (2/), provide the information necessary 
to estimate C/MR? and C,,/C. A libration ampli- 
tude of 35.8 + 2 arcseconds and a slightly revised 
obliquity value of 2.06 + 0.1 arcmin (22) yields 
internal structure parameters C/MR* = 0.353 + 
0.017 and C,,/C = 0.452 + 0.035. 

Resulting moment of inertia parameters for 
more than 1 million Monte Carlo models that 
include a silicate crust and mantle, as well as an 
Fe-rich core that may contain solid and liquid 
layers are shown in Fig. 3. These models are 
constrained only by the mean radius (2440 km) 
and bulk density of Mercury [5430 kg m °, eg., 
(23)]. Comparison of the internal structure mod- 
els with the measured moment of inertia param- 
eters indicates that the outer radius of the liquid 
portion of the core under the adopted modeling 
assumptions is 2030 + 37 km (1 SD), and the 
density of the outer shell overlying the liquid 
core is 3650 + 225 kg m *. The procedure does 
not provide a size estimate for any solid inner 
component of the core. 

The large average bulk density inferred for 
Mercury’s solid outer shell is surprising given 
that measurements by the MESSENGER XRS 
determined an upper bound on the average sur- 
face abundance of Fe of ~4 weight percent (8). 
Although uncertainty in the density of the solid 
shell permits a wide range of possibilities, the 
nominal value provides an important constraint 
on the planet’s bulk composition. The low Fe 
abundance in volcanic rocks at Mercury’s sur- 
face suggests that Mercury’s silicate mantle is 
also low in iron and cannot account for the outer 
shell density. Relatively low surface abundances 
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of Ti and Al (8) are also inconsistent with sub- 
stantial amounts of such high-density mantle 
minerals as ilmenite and garnet. A deeper reser- 
voir of high-density material is therefore needed 
to account for the large solid-shell density and 
moment of inertia. One possibility is a dense 
silicate layer, possibly Fe-bearing, that has not 
substantively participated in the generation of 
Mercury’s crust. 

Alternatively, Mercury may have a solid layer 
of FeS at the top of the core. The highly reducing 
chemical conditions implied for Mercury’s pre- 
cursory materials by the low Fe and high S con- 
tent of surface rocks (8, 9) suggest that Mercury’s 
core likely contains substantial Si as well as S 
(24). Fe-S-Si alloys are subject to liquid immis- 
cibility at pressures less than ~15 GPa (25), re- 
sulting in the buoyancy segregation of S-rich 
liquids at the top of the core. The density of solid 
FeS is sufficiently low that for a broad range of 
conditions the solid form would likely remain 
at the top of the core. There is a strong, albeit 
poorly constrained, trade-off between the thick- 
ness of a basal solid FeS layer and the density 
of the silicate mantle, although the basal layer 
could be a few tens of kilometers to as much as 
~200 km in thickness. The thickness of the outer 
silicate portion of the planet would, under this 
interpretation, be thinner than the nominal 410-km 
depth to the solid-liquid boundary. A solid FeS 
layer at the base of the mantle would place strong 
constraints on the present thermal structure of 
Mercury. Moreover, a static, electrically con- 
ducting layer at the top of the core would act to 
decrease the overall strength of the field observ- 
able at or above the planetary surface and would 
attenuate harmonic components of the mag- 
netic field increasingly strongly with increasing 
degree (26). 

The gravity field results point to a much dif- 
ferent interior structure for Mercury from that 
heretofore anticipated and from those of the other 
terrestrial planets. These results will require re- 
consideration of models for Mercury’s interior 
thermal (27) and tectonic (28) evolution. 
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Fig. 3. (A) Outer radius of Mercury’s liquid core. (B) Average density of the solid shell that overlies 
the liquid core. The stars represent the central values for C/MR* and C,»/C, and the black bars 


denote + 1 SD. 
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Topography of the Northern 
Hemisphere of Mercury from 
MESSENGER Laser Altimetry 
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Laser altimetry by the MESSENGER spacecraft has yielded a topographic model of the northern 
hemisphere of Mercury. The dynamic range of elevations is considerably smaller than those of Mars 
or the Moon. The most prominent feature is an extensive lowland at high northern latitudes that 
hosts the volcanic northern plains. Within this lowland is a broad topographic rise that experienced 
uplift after plains emplacement. The interior of the 1500-km-diameter Caloris impact basin 

has been modified so that part of the basin floor now stands higher than the rim. The elevated 
portion of the floor of Caloris appears to be part of a quasi-linear rise that extends for 
approximately half the planetary circumference at mid-latitudes. Collectively, these features 
imply that long-wavelength changes to Mercury's topography occurred after the earliest phases 


of the planet's geological history. 


damental information about its internal 

structure and geological and thermal evo- 
lution. Ranging observations made from orbit by 
the Mercury Laser Altimeter (MLA) (/) on the 
MErcury Surface, Space ENvironment, GEo- 
chemistry, and Ranging (MESSENGER) (2) 
spacecraft have provided a precise, geodetically 
referenced topographic model of the northern 
hemisphere of the planet as well as a character- 
ization of slopes and surface roughness over a 
range of spatial scales. 

From MESSENGER’s eccentric, near-polar 
orbit (2), the MLA (3) illuminates surface areas 
averaging between 15 and 100 m in diameter, 
spaced ~400 m apart along the spacecraft ground 
track. The range from the spacecraft to the sur- 
face is converted to a measurement of radius 
from the planet’s center of mass via the deter- 


Te topography of a planet provides fun- 
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mination of MESSENGER’s orbit. Radius is then 
converted to topography (Fig. 1A) by subtracting 
the radius of the gravitational equipotential 
or geoid obtained from Doppler tracking of 
MESSENGER (4). The radial precision of indi- 
vidual measurements is <1 m, and the accuracy 
with respect to Mercury’s center of mass is 
better than 20 m (Table 1). MLA can success- 
fully range at distances up to 1500 km from 
Mercury’s surface when operating at nadir, and 
from ~1000 km at angles up to 40° from the 
vertical (5). As of 2 December 2011, more than 
4.3 million independent measurements of surface 
elevation had been obtained. 

Elevations in Mercury’s northern hemisphere 
exhibit an approximately symmetric, unimodal 
hypsometric distribution and a dynamic range 
of 9.85 km (Fig. 2), considerably less than the 
global dynamic range for the Moon (19.9 km) 


or Mars (30 km) (6, 7). Mercury contains nu- 
merous large impact structures (8, 9) that influ- 
ence the hemispheric shape but do not markedly 
affect the hypsometry. 

Mercury’s high bulk density, presumably the 
result of an iron-rich core that constitutes an un- 
usually large mass fraction of the planet (/0), 
yields a surface gravitational acceleration com- 
parable to that of Mars for a body intermediate in 
size between Mars and the Moon. For at least 
some topography-producing forces, a higher grav- 
itational acceleration results in less variation in 
elevation, which can account for the difference 
in topographic dynamic range between Mercury 
and the Moon. However, Mercury’s shallow 
core-mantle boundary, at a depth of <400 km 
below the surface (4), could have affected vis- 
cous flow in Mercury’s mantle and may have 
influenced the growth and relaxation of the 
largest structures (//). Shield-building volcanism 
and large-scale extension contribute substantially 
to the dynamic range of topography on Mars but 
have no evident counterparts on Mercury. Indeed, 
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Fig. 1. (A) Polar stereographic projection of topography (local radius minus the 
radius of the HgM002 geoid, the gravitational equipotential referenced to the 
mean equatorial radius) (4) from the north pole to 5°S. The locations of selected 
major impact structures are shown as black circles. 


if the topography associated with Tharsis and 
Valles Marineris is excluded, the dynamic range 
of the remaining topography on Mars can be 
approximated by the rim-to-floor depth of the 
Hellas basin. This figure is comparable to the 
dynamic range of topography on Mercury and 
is consistent with a gravitational influence on 
topographic relief for terrestrial planetary bodies. 

A spherical harmonic fit of planetary shape 
(72) (table S1) confirms an elliptical form of the 
equator, with a long axis close to the prime me- 
ridian (/2) (fig. S1), as well as an offset between 
the center of mass and center of figure in the 
equatorial plane (5, /3). This distinctive feature 
of the planetary shape reflects a hemispheric 
difference in internal structure that could poten- 
tially arise from large-scale variations in crustal 
thickness or density, mantle density, or topography 
along Mercury’s core-mantle boundary. 

A north-polar projection of topography 
(Fig. 1A) shows irregular lowlands at high 
northern latitudes that are ~2 km deeper than 
the surrounding terrain. Portions of the boundary 
of the northern lowlands appear to follow seg- 
ments of rims of degraded impact basins, but the 
large extent of the lowlands and the irregular 
shape of the remainder of the boundary suggest 
that additional processes were involved in the 
formation of relief. The northern lowlands are 
marked by a negative free-air gravity anomaly 
and are in a state of approximate local compen- 
sation (e.g., underlain by thinner than average 
crust) (4), although the area is likely not in strict 
local mass balance because of contributions to 


(B) Polar stereographic 


projection of median differential slope (25) on a baseline of length 3.2 km, from 
the north pole to 50°N latitude. The green line shows the mapped boundary of the 
northern smooth plains (76); the black line corresponds to the topographic 
contour of —1.24 km. Both maps include data collected through 24 October 2011. 


Table 1. Geodetic parameters for Mercury derived from MLA topography. 


Parameter Value 
Reference radius (km) 2440 
North polar radius (km)* 2437.57 + 0.01 
Equatorial mean radius (km)t 2439.83 + 0.05 
Northern hemisphere mean radius (km)+ 2439.59 + 0.05 
Shape dynamic range (km) 9.848 
Shape accuracy (m) +25 
High point (km)§ 11.222°N, 164.752°E +4.024 
Low points (km)§ 

Rachmaninoff, 27.417°N, 57.215°E —5.815 

Polar crater, 85.446°N, 62.440°E —5.824 
Hypsometric mean (km)§ —0.589 
Hypsometric median (km)§ —0.616 
Hypsometric mode (km)§& —0.700 
(a — b)/a ll (514 + 52) x 10°° 
2 (CE)# —18.6 +4 
CoF-CoM x (km)** 0.133 + 0.052 
CoF-CoM y (km)** 0.193 + 0.051 


*Average of all MLA observations within 10° of north pole. 


the reference radius. 
within 15° of the equator. 


tAverage of all MLA observations within 15° of equator. 
planetary radius from a spherical harmonic least-squares fit to all observations with a Kaula constraint applied. 


+Mean 
§Relative to 


lla and b are, respectively, the semimajor and semiminor axes of the ellipse fit to shape measurements 
#Longitude of the equatorial semimajor axis of the ellipse fit to near-equatorial shape. Longitude 


0° coincides with one of the hot poles of Mercury, which is on the axis of minimum moment of inertia, and 90° on the equator 
is in the direction of the intermediate axis of inertia. **CoF-CoM is the offset of the center of figure (CoF) from the center of 
mass (CoM), the origin of the coordinate system for gravity and topography; x and y are the components of offset in Mercury's 
equatorial plane in the direction of 0° and 90°E, respectively. 


topographic support from flexural and mem- 
brane stresses. Barring some sort of offsetting 
structure near the south pole, the large area of 
low topography at high latitudes raises the pros- 
pect that the region may have migrated to the 
pole during a reorientation of the planet’s prin- 


cipal inertia axes driven by the shallow mass 
deficit (/4). If the present location of the northern 
lowlands is a consequence of polar wander, then 
the implied planet-scale reorientation must have 
occurred at a time when the outer portions of 
Mercury were sufficiently cool and mechanical- 
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topographic model, in contrast, is precisely 
controlled and enables confident characteriza- 
tion of long-wavelength topography. MLA ob- 
servations confirm that the northern floor of 
Caloris is elevated relative to other parts of the 
basin interior, so much so that in places the 
floor lies above the basin rim (Fig. 3). This 
portion of the floor of Caloris appears to be 
part of a quasi-linear rise that trends generally 
west-southwest-east-northeast and extends 
over approximately half the circumference of 
Mercury at mid-latitudes (Fig. 1A). The floors 
of younger impact craters within and near Caloris 
(Fig. 3) display departures from the horizontal 
that generally correlate with regional tilts im- 
parted by the long-wavelength topography of 
the region and are consistent with modifica- 
tion of Mercury’s long-wavelength topogra- 
phy some time after the formation of Caloris 
and the emplacement of its interior and ex- 
terior volcanic plains. 

The changes in long-wavelength topogra- 
phy within the Caloris basin and northern plains, 
and perhaps elsewhere on Mercury, occurred 
after both the end of heavy impact bombard- 
ment and the emplacement of the largest ex- 
panses of volcanic plains on the planet. One 
possible source of long-wavelength topogra- 
phy is the isostatic response to variations in 
crustal thickness. However, the oldest terrains 
on Mercury display crater size-frequency dis- 
tributions at large crater diameters similar to 
those on the most densely cratered parts of the 
Moon (24). Thus, crustal formation substan- 
tially predated long-wavelength topographic 
change and cannot explain the observations. A 
second possible source of such long-wavelength 
change in topography is mantle convection (25). 
However, recent mantle convection simulations 
(26) constrained by internal structure models 
consistent with Mercury’s long-wavelength grav- 
ity field (4) and by the latitudinal distribution of 
surface insolation do not produce surface de- 
formation of the magnitude required to explain 
the observed topography. Another contribution 
to topographic change is volcanic and magmatic 
loading of the lithosphere along with its flexural 
response, which has a predictable pattern. Fi- 
nally, long-wavelength changes in topography 
could be a deformational response to interior 
planetary cooling and contraction (27). Evidence 
for topographic changes during Mercury’s evo- 
lution is consistent with evidence from the geom- 
etry of ridges and lobate scarps that these features 
accommodated surface strain over a substan- 
tial fraction of Mercury’s geological history 
(28). Observations of the topography add to 
the growing body of evidence that Mercury 
was a tectonically, volcanically, and dynami- 
cally active planet for much of its evolution. 
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ESCRT-III Governs the Aurora 
B—Mediated Abscission Checkpoint 


Through CHMP4C 


Jeremy G. Carlton,* Anna Caballe, Monica Agromayor, Magdalena Kloc, Juan Martin-Serranot 


The endosomal sorting complex required for transport (ESCRT) machinery plays an evolutionarily 
conserved role in cytokinetic abscission, the final step of cell division where daughter cells are 
physically separated. Here, we show that charged multivesicular body (MVB) protein 4C (CHMP4C), 
a human ESCRT-III subunit, is involved in abscission timing. This function correlated with its 
differential spatiotemporal distribution during late stages of cytokinesis. Accordingly, CHMP4C 
functioned in the Aurora B—dependent abscission checkpoint to prevent both premature resolution 
of intercellular chromosome bridges and accumulation of DNA damage. CHMP4C engaged the 
chromosomal passenger complex (CPC) via interaction with Borealin, which suggested a model 
whereby CHMP4C inhibits abscission upon phosphorylation by Aurora B. Thus, the ESCRT 
machinery may protect against genetic damage by coordinating midbody resolution with the 


abscission checkpoint. 


he final separation of daughter cells during 
cytokinesis is the ancestral function of 
the endosomal sorting complex required 
for transport (ESCRT) machinery (/—5) which 
also acts to resolve equivalent membrane scission 
events in multivesicular body (MVB) forma- 


tion (6, 7) and human immunodeficiency virus— 
1 (HIV-1) budding (8, 9). Midbody recruitment 
of ESCRT-II, the filament-forming scission ma- 
chinery, is an essential event in cytokinesis that is 
thought to provide constrictive force during ab- 
scission (2, /0—12). An Aurora B-dependent 
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abscission checkpoint (NoCut) is thought to 
retard abscission to prevent damage of lagging 
chromosomes that are trapped in the midbody 
(J3—15) and may function more generally as an 
abscission timer (/3). However, mechanisms 
that modulate abscission timing remain poorly 
understood and the involvement of the core 
abscission machinery in this process is unclear. 

Here, we investigated the function of charged 
MVB proteins CHMP4A, -B, and -C, human 
homologs of the yeast ESCRT-II subunit Snf7p. 
For this purpose, specific small interfering RNAs 
(siRNAs) and antibodies against each of the 
CHMP4s were developed (/6) (fig. S1). We then 
analyzed ESCRT-dependent endosomal down- 
regulation of class I major histocompatibility 
complex (MHC-I) molecules in HeLa cells stably 
expressing the K3 ubiquitin ligase from Kaposi’s 


Department of Infectious Diseases, King’s College London 
School of Medicine, London SE1 9RT, UK. 


*Present address: Division of Cancer Studies, King’s 
College London School of Medicine, London SE1 1UL, UK. 
tTo whom correspondence should be addressed. E-mail: 
juan.martin_serrano@kcl.ac.uk 


sarcoma-associated herpes virus (KSHV) (/7). 
Similarly to depletion of tumor susceptibility 
gene 101 (TSG101), depletion of CHMP4B pre- 
vented MHC-I degradation, whereas depletion of 
CHMP4A or CHMP4C had little effect on this 
process (fig. S2, A and B). As expected (78), de- 
pletion of CHMP4A or CHMPA4C did not inhibit 
HIV-1 release, and only depletion of CHMP4B 
inhibited this ESCRT-dependent process (fig. S3). 
Furthermore, CHMP4A and CHMP4C were dis- 
pensable for completion of cytokinesis, whereas 
CHMP4B was again the sole paralog required 
(Fig. 1, A and B). However, in asynchronous cul- 
tures of CHMP4C-depleted HeLa cells, fewer cells 
were connected by midbodies (Fig. 1C), which 
led us to question whether midbodies were re- 
solved faster in cells lacking CHMP4C. 

We then imaged live HeLa cells stably ex- 
pressing mCherry-tubulin (HeLa mCh-Tub) (/9) 
to examine mitotic dynamics. CHMP4C-depleted 
cells (Fig. 1D) showed normal duration of early 
mitotic phases and centrosome amplification (Fig. 
1E and fig. S4A). We next monitored tubulin 
disassembly at the midbody as a marker that cor- 
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relates strongly with abscission (/5). Cells treated 
with control siRNAs resolved their midbodies 
with similar kinetics and depletion of CHMP4C 
reduced abscission time by ~30 min (Fig. 1F, fig. 
S4A, and movies S1 to $4). Abscission was also 
faster in cells codepleted of CHMP4C and Spastin, 
an adenosine triphosphatase involved in destabili- 
zation of midbody microtubules (20, 2/), which 
suggested that CHMP4C and Spastin regulate dis- 
tinct stages of abscission (fig. S4B). We next used 
cell lines stably expressing mCh-tubulin and com- 
parable levels of green fluorescent protein (GFP)— 
tagged CHMP4B or CHMPA4C (22) (Fig. 1G) for 
simultaneous imaging of abscission and midbody 
recruitment of ESCRT-III. Early phases of mi- 
tosis and abscission (Fig. 1, H and I) were similar 
in control and GFP-CHMP4B-expressing cells. 
However, expression of GFP-CHMP4C resulted 
in an abscission delay that could be explained by 
increased levels of intracellular CHMP4C (Fig. 
11; fig. S5, A to D; and movies S5 and S6). As 
expected (/2), GFP-CHMP4B localized tran- 
siently to the midbody arms immediately (21 + 7 
min) before abscission, whereas GFP-CHMP4C 
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Fig. 1. CHMP4C negatively regulates cytokinesis. (A) Resolved HeLa cell 
lysates were examined by blotting with antibodies against CHMP4A, CHMP4B, 
CHMPAC, or heat shock protein 90 kD (HSP90). (B and C) siRNA-transfected 
HeLa cells were fixed and stained with o-tubulin. (B) Multinucleate cells 
(n = 3, +SD) or (C) cells connected by midbodies (n = 7, +SD) were scored 
visually. (D) Resolved lysates from siRNA-transfected HeLa mCh-Tub cells were 
examined by blotting with antibodies against CHMP4C or HSP90. (E and F) 
Asynchronous cultures of HeLa mCh-Tub cells were transfected with the in- 
dicated siRNA and imaged live, and mitotic durations were quantified. Ab- 
scission time was calculated across four independent experiments (luciferase: 
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93 + 38 min, n = 96; nontargeting: 94 + 36 min, n = 94; CHMP4C-1: 59 + 
17 min, n = 88; CHMP4C-2: 61 + 25 min, n = 100). (G) Resolved cell lysates 
from HeLa cells stably expressing mCh-Tub and either GFP-CHMP4B or GFP- 
CHMP4C were examined by blotting with antibodies against HSP90, GFP, 
CHMP4B, or CHMPAC. (H and 1) Cells from (G) were imaged live, and mitotic 
durations were quantified. The more intense imaging (16) resulted in general 
abscission delays to 116 + 45 and 137 + 61 min for control or GFP-CHMP4B— 
expressing cells, whereas GFP-CHMP4C—expressing cells took 240 + 103 min 
to complete abscission. Data comprise 185 cells per condition from three 
independent experiments. 
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localized earlier to the midbody, arriving 176 + 
19 min before abscission (Fig. 2, A to D). During 
its recruitment, GFP-CHMPA4C localized initially 
to the midbody arms, before being directed to the 
central region (Flemming body) (Fig. 2, A to D; 
fig. S5, A to D; and movies S5 and S6). Thus, 
CHMP4B and CHMP4C exhibit differential spa- 
tiotemporal distribution during late cytokinesis. 
We sought differences between CHMP4 
paralogs that could explain their differential be- 
havior. Alignment of the regulatory region at the 
C termini of CHMP4s revealed a CHMP4C- 
specific insertion (INS) at residues 201 to 217 
(Fig. 2E). This insertion is expanded in mammals 
(fig. S6) and contains numerous serine (S) and 
threonine (T) residues. Transiently overexpressed 
CHMP4 chimeras containing CHMP4C’s C ter- 
minus were more potent inhibitors of cell division 


Fig. 2. Differential spatiotemporal recruitment of 
CHMP4 paralogs during cytokinesis. (A to D) GFP 
fluorescence intensities of midbody-localized (A and 
C) GFP-CHMP4B (n = 14, +SD) or (B and D) GFP- 
CHMP4C (n = 9, +SD) during abscission. Abscission 
indicated by arrow, time in minutes. (C and D) Selected 
frames are presented. Initial recruitment of GFP- 
CHMP4C to midbody arms is marked (arrowhead). 
(E) ClustalW alignment of the C-terminal regions of 
CHMP4A, CHMP4B, and CHMPAC, S210 indicated by 
arrow. MIM2, a motif that binds microtubule interac- 
tion and trafficking (MIT) domains. (F) HeLa cells 
transfected with plasmids encoding the indicated 
HA-CHMP4 constructs were fixed and stained with 
antibodies against tubulin and HA. Multinucleate 
cells were scored (n = 5, +SD). (G and H) HeLa mCh-Tub 
cells stably expressing HA-CHMP4C®, HA-CHMP4CSINS, 
or HA-CHMP4C® 5210A were treated with CHMP4C 
siRNA, fixed, and stained with HA-specific antibody. 
The HA-CHMP4C location was scored (n = 3, +SD). 
Scale bar is 10 um. 
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(Fig. 2F), and grafting INS into the correspond- 
ing region of CHMP4B produced a chimera that 
inhibited cell division (Fig. 2F), which suggested 
that INS may be a platform for phosphorylation 
that inhibits abscission. We next determined the 
spatial distribution of CHMP4C during abscis- 
sion by analyzing hemagglutinin (HA)+tagged 
CHMPA4C expressed stably at near-endogenous 
levels. In early midbodies, HA-CHMP4C local- 
ized to the midbody arms, whereas in late mid- 
bodies, as observed for GFP-CHMP4C in living 
cells (Fig. 2B), HA-CHMP4C localized to the 
Flemming body in an INS-dependent manner 
(Fig. 2, G and H). In contrast, CHMP4A and 
CHMP4B were only observed on midbody arms 
(fig. SSE). We speculated that phosphorylation of 
residues within INS may have directed CHMP4C’s 
localization and mapped the determinant of 


Flemming body localization in late cyokinesis to 
S210, a residue conforming to the consensus se- 
quence for Aurora B ([R/K](1-3)-X-[S/T] (23) 
(Fig. 2, G and H, and fig. SSF). 

We next wondered whether CHMP4C partici- 
pated in the Aurora B-dependent NoCut abscission 
checkpoint. This checkpoint can be activated by 
partial depletion of nucleoporin 153 kD (NUP153) 
and is evidenced by an accumulation of cells 
unable to complete abscission and arrested at the 
midbody stage (24). NoCut activation was pre- 
vented by codepletion of CHMP4C with NUP153 
(Fig. 3, A and B), despite phosphorylated Aurora 
B persisting at midbodies (Fig. 3C). Chromo- 
somes trapped at the midbody may provide an 
alternative NoCut activation route. We found that 
HA-CHMP4C preferentially localized to intercel- 
lular chromatin bridges illuminated with yellow 
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fluorescent protein (YFP)}-tagged lamin-associated 
protein 2B (LAP28) (Fig. 3D and fig. S7, A and 
B). Moreover, HA-CHMP4C colocalized with ac- 
tivated Aurora B at these chromatin bridges (Fig. 
3E). We examined intercellular DNA-bridge res- 
olution in CHMP4C-depleted cells and observed 
that YFP-LAP2B-positive bridge formation and 
cellular viability were normal (fig. S7, C and D) and 
also found, similarly to Aurora B—inhibited cells 
(/5), faster resolution of YFP-LAP2B-—positive 
chromatin bridges (Fig. 3F; fig. S7, E to G; and 
movies S7 to S9). Consequently, stable depletion 
of CHMP4C resulted in increased levels of his- 
tone H2AX phosphorylation (Fig. 3G and fig. 
S7H), which suggested that deregulation of the 
abscission checkpoint in these cells results in the 
accumulation of genetic damage (25). 

Given the essential role of CHMP4C in the 
regulation of abscission timing and its participa- 
tion in the Aurora B-dependent abscission check- 
point, we searched for links between components 
of the chromosomal passenger complex (CPC) and 
ESCRT-III by yeast two-hybrid screening. We found 
interactions between Borealin and CHMP2A, 
CHMP4B, CHMP4C, and CHMP6 (Fig. 4, A 
and B) and mapped these interactions to the C 
terminus of Borealin (fig. S8A), a region that re- 
cruits adaptor proteins to the CPC. CHMP4C was 
the strongest interactor with Borealin, and we 
could coprecipitate CHMP4C with Aurora B 
(fig. S8B), which confirmed that the ESCRT ma- 
chinery is able to engage the CPC. Colocaliza- 
tion of HA-CHMP4C and members of the 
CPC was observed in early, but not late, mid- 
bodies (Fig. 4C and fig. S8, C and D). Accordingly, 


a A-phosphatase-sensitive, mobility-shifted form 
of HA~-CHMPA4C was detected in mitotic lysates and 
was enriched on a phospho-affinity resin (Fig. 4D 
and fig. S8E). Similar to centrosomal protein of 
55 kD (CEPS5S) (26, 27), CHMP4C phosphoryl- 
ation occurred at mitotic onset and reverted in a 
phosphatase-dependent manner as mitosis pro- 
gressed (Fig. 4E). An Aurora B inhibitor reduced 
CHMPA4C phosphorylation (Fig. 4F), and the 
epitope detected by a-CHMPA4C, which recog- 
nizes INS, was masked in the mobility-shifted 
fraction and revealed upon A-phosphatase treat- 
ment (Fig. 4D), which suggested that residues 
within CHMP4C’s insertion were phosphoryl- 
ated during mitosis. Finally, Aurora B could spe- 
cifically phosphorylate CHMP4C on $210 within 
INS, the residue required for Flemming body lo- 
calization (Fig. 4, G and H, and fig. S8, F and G). 

To investigate the role of Aurora B phospho- 
rylation of CHMP4C on abscission timing, we 
used HeLa mCh-Tub cell lines stably expressing 
HA-tagged, siRNA-resistant versions of CHMP4C 
(HA-CHMP4C®, HA-CHMP4C® 8INS, or HA- 
CHMP4C® §210A) expressed at similar, near- 
endogenous levels (Fig. 41). Interaction of these 
mutants with known CHMP4C-binding proteins 
(fig. S8H) was maintained, and early mitotic 
phases were completed normally in cells depleted 
of endogenous CHMP4C and reliant on these pro- 
teins (fig. S81). Note that HA-CHMP4C® rescued 
the faster abscission induced by CHMP4C de- 
pletion (Fig. 4J), whereas cells reliant on HA- 
CHMP4C® 8INS and HA-CHMP4C® $210A 
could not (Fig. 4K). We propose that Aurora 
B-dependent phosphorylation of S210 allows 
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Fig. 3. CHMP4C regulates the abscission checkpoint. (A to C) (A) Cell lysates 
from siRNA-transfected HeLa cells were examined by blotting with antibodies 
against NUP153, CHMP4C, HA, and HSP90. Multinucleate and midbody- 
connected cells were scored visually (n = 6, +SD). Alternatively, cells were 
fixed and stained with antibodies against (B) tubulin or (C) tubulin and 
p1232 Aurora B. Scale bar is 10 um. (D and E) HeLa cells stably express- 
ing YFP-LAP2B were transfected with plasmids encoding the indicated HA- 
CHMP4 constructs. Cells were fixed and stained with antibodies against (D) 
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tubulin and HA or (E) pT232 Aurora B and HA. Scale bar is 10 um. (F) HeLa 
cells stably expressing YFP-LAP2 were transfected with the indicated siRNA 
and imaged live; the duration of LAP2B-bridge resolution was quantified 
across six independent experiments (luciferase: 576 + 454 min, n = 116; 
CHMP4C-1: 321 + 308 min, n = 112; CHMP4C-2: 291 + 278 min, n = 103). 
(G) Cell lysates from clonal short hairpin RNA (shRNA)—transduced HeLa 
cells were examined by blotting with antibodies against yH2AX, CHMPAC, 


CHMP4C localization to the Flemming body and 
acts as a brake on the late stages of cytokinesis. Fur- 
thermore, cells stably expressing YFP-LAP2 and 
HA-CHMP4C® 8210A were unable to delay ab- 
scission in response to intracellular chromatin bridges, 
despite the presence of these proteins at the chroma- 
tin bridge (fig. S9A), which indicated deregulation 
of the NoCut checkpoint in these cells (Fig. 4L). 

Here, we found that CHMP4C acts as an 
essential regulator of the Aurora B—mediated ab- 
scission checkpoint. In the absence of CHMP4C, 
cells complete abscission faster. We suggest that 
Aurora B-dependent phosphorylation of CHMP4C 
on $210 directs its Flemming body localization 
and delays abscission through activation of NoCut, 
possibly by preventing assembly of a productive 
abscission complex. A phosphomimetic muta- 
tion (S210D) had no apparent effect on known 
CHMP4C interactions (fig. S9B), which suggested 
that phosphoregulation of abscission timing may 
involve as-yet-unknown CHMP4C binding part- 
ners. That the S210 consensus site is conserved 
only in mammals suggests that this mechanism 
might have emerged late in evolution as a safety 
belt in addition to the interactions of the CPC 
with CHMP2A and CHMP6. CHMP4C deple- 
tion circumvents the NoCut abscission check- 
point, allows faster resolution of chromatin bridges, 
and induces the accumulation of phosphorylated 
H2AX. These observations are consistent with a 
role of CHMP4C in protection against DNA dam- 
age accumulation. In this context, as well as be- 
ing charged MVB proteins (28), CHMPs were 
originally reported as chromatin-modifying pro- 
teins (29) that could associate with condensed 
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Fig. 4. Aurora B—dependent phosphorylation of CHMP4C $210 activates 
the NoCut abscission checkpoint. (A) B-Galactosidase assay from yeast co- 
transformed with the indicated VP16- and GAL4-fused constructs (n = 3, +SD). 
(B) Cell lysates and glutathione-bound fractions from human embryonic 
kidney (HEK) 293T cells transfected with the indicated fusion proteins were 
examined by Western blotting with antibody against HA. (C) HeLa mCh-Tub 
cells stably expressing HA-CHMP4C® were fixed and stained with antibodies 
against HA and Aurora B. (D) Asynchronous and mitotic lysates of HeLa mCh- 
Tub cells stably expressing HA-CHMP4C* were immunoprecipitated with HA- 
specific antibody and treated as indicated, then examined by blotting with 
antibodies against HA, CHMP4C, CHMP4B, CEP55, and HSP90. (E and F). 
Asynchronous or mitotically arrested HeLa mCh-Tub cells stably expressing 
HA-CHMPA4C® were either (E) released into media containing dimethyl sul- 
foxide (DMSO) or the phosphatase inhibitor okadaic acid (OA) for the indi- 
cated times or (F) treated overnight during the nocodazole arrest with 
inhibitors of mitogen-activated protein kinase kinase (MEK) (U0126), phos- 
phatidylinositol 3-kinase (LY294002) or Aurora B (ZM447439). Cell lysates 
were examined by blotting with antibodies against HA and HSP90. (G and H) 
Proteins were immunoprecipitated from HEK 293T cells with antibody against 


HA and subjected to an in vitro kinase assay with recombinant Aurora B. 
Incorporated 3P was visualized by phosphorimaging; blotting with HA-specific 
antibody allowed detection of immunoprecipitates. (I to K) Asynchronous 
cultures of HeLa mCh-Tub cells stably expressing HA, HA-CHMP4C®, HA- 
CHMP4C® SINS, or HA-CHMP4C® S210A were transfected with the indicated 
siRNA. (I) Resolved cell lysates were examined by blotting with antibodies 
against CHMP4C, HA, and HSP90. (J and K) Alternatively, cells were imaged 
live. Abscission times were quantified across seven independent experiments 
(luciferase, 104 + 35 min, n = 244; CHMP4C siRNA, 71 + 37 min, n = 260; 
CHMPAC siRNA and HA-CHMP4C®, 118 + 52 min, n = 269; CHMP4C siRNA and 
HA-CHMP4C® SINS, 81 + 40 min, n = 264; CHMP4C siRNA and HA-CHMP4C® 
$210A, 91 + 38 min, n = 268). (L) HeLa cells stably expressing YFP-LAP2B and 
HA or HA-CHMP4C®, HA-CHMP4C® SINS, or HA-CHMP4C® S210A were treated 
with the indicated siRNA and imaged live. The timing of YFP-LAP2B bridge 
resolution was quantified from two independent experiments (luciferase, 628 + 
382 min, n = 41; CHMP4C siRNA, 413 + 292 min, n = 41; CHMP4C siRNA and 
HA-CHMP4C®, 698 + 332 min, n = 41; CHMPAC siRNA and HA-CHMP4C® 
SINS, 402 + 259 min, n = 36; CHMP4C siRNA and HA-CHMP4C® $210A, 421 + 
295 min, n = 40). 
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chromatin, which suggests that the physical in- 
teraction of lagging chromosomes and ESCRT- 
Ill at the midbody may trigger activation of NoCut. 
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Atg7 Modulates p53 Activity 
to Regulate Cell Cycle and Survival 
During Metabolic Stress 


In Hye Lee,? Yoshichika Kawai,’ Maria M. Fergusson," Ilsa |. Rovira,’ Alexander J. R. Bishop,” 


Noboru Motoyama,? Liu Cao,** Toren Finkel?* 


Withdrawal of nutrients triggers an exit from the cell division cycle, the induction of autophagy, 
and eventually the activation of cell death pathways. The relation, if any, among these events 

is not well characterized. We found that starved mouse embryonic fibroblasts lacking the essential 
autophagy gene product Atg7 failed to undergo cell cycle arrest. Independent of its E1-like 
enzymatic activity, Atg7 could bind to the tumor suppressor p53 to regulate the transcription 

of the gene encoding the cell cycle inhibitor p21°°“**. With prolonged metabolic stress, the 
absence of Atg7 resulted in augmented DNA damage with increased p53-dependent apoptosis. 
Inhibition of the DNA damage response by deletion of the protein kinase Chk2 partially rescued 
postnatal lethality in Atg7~" mice. Thus, when nutrients are limited, Atg7 regulates p53-dependent 


cell cycle and cell death pathways. 


ell cycle progression and autophagic flux 

are both sensitive to nutrient availabil- 

ity. Furthermore, with prolonged nutrient 
deprivation, cell death pathways and autopha- 
gy are simultaneously activated (/). However, 
our understanding of how autophagy intersects 
with cell cycle progression or apoptotic cell death 
is incomplete. We demonstrate that in the set- 
ting of low nutrients, cells lacking Atg7 have 
impaired p53-mediated cell cycle arrest, whereas 
with continued metabolic stress, cells and tissues 
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lacking Atg7 display increased p53-mediated 
cell death. 

To address whether cell cycle progression and 
autophagy are linked, we examined the effects of 
acute nutrient withdrawal on subsequent S-phase 
entry in either wild-type or Atg7 ’ mouse em- 
bryonic fibroblasts (MEFs). In wild-type MEFs, 
S-phase entry, as assessed by bromodeoxyuridine 
(BrdU) incorporation, decreased by about 60% in 
the first 3 hours after acute withdrawal of serum 
and amino acids (Fig. 1A and fig. $1). In contrast, 
only about 20% of Atg7’" MEFs successfully 
exited the cell cycle under the same conditions 
(P <0.001, 1 =4). The withdrawal from the cell 
cycle under starved conditions is often mediated 
by accumulation of cyclin-dependent kinase in- 
hibitors (CKIs) such as p27-“N'8 or p21N'4 
(2-7). Although early-passage wild-type MEFs 
rapidly accumulated p21©?“N' protein after be- 
ing shifted to starvation media, this response was 


largely absent in Atg7 ’" MEFs (Fig. 1B). In con- 
trast, the abundance of p27°?“N'® was not ap- 
preciably different between the two cell types. 
Similarly, metabolic stress induced the accumu- 
lation of p21°°<N'“ mRNA in wild-type but not 
Atg7’ MEFs (Fig. 1C). Consistent with previ- 
ous observations (8), the starvation-induced in- 
crease in p21°?*N'4 expression was largely absent 
in human or mouse cells lacking p53 (fig. S2). 
Transcription from a p21“ promoter linked 
to a luciferase reporter was increased in wild-type 
but not Atg7 ’ MEFs deprived of nutrients (Fig. 
1D). Chromatin immunoprecipitation (ChIP) 
analysis demonstrated that under starved con- 
ditions, endogenous Atg7, along with p53, was 
present at the p21 promoter (Fig. 1E). 

Similar analysis in human cells in which Atg7 
expression was decreased with small interfering 
RNA (siRNA) confirmed the impaired expression 
of p21°?*%"4 in nutrient-deprived cells (Fig. 1F). 
In contrast, depletion of Beclin 1 (Atg6) had no 
effect on the starvation-induced increase in either 
p21°?XN' protein or mRNA expression (Fig. 
1G and fig. $3). A similar analysis in Atg5’ 
MEFs again revealed no alteration in expression 
of p21°PN! (fig. S4) or other cell cycle param- 
eters (9). Thus, the observed defects in cell cycle 
arrest and the lack of p21©?*N'* accumulation 
after nutrient withdrawal appear to be specific 
for Atg7. This defect was not confined to nutrient 
withdrawal, as Atg7-deficient cells also appeared 
to have impaired confluence-dependent growth 
arrest (Fig. 1, H and I). 

We used epitope-tagged proteins to demon- 
strate that p53 and Atg7 are present in a single 
complex (Fig. 2A). Analysis of endogenous 
proteins revealed a similar interaction that was 
enhanced after nutrient withdrawal (Fig. 2B). Com- 
plexes containing Atg7 and p53 complex were 
evident in both the cytosol and the nucleus (fig. $5). 
Using p53 glutathione S-transferase (GST) con- 
structs, we showed that the region corresponding 
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ly strong to preserve a nonhydrostatic response 
to topographic stresses, as well as the present 
configuration of inertial axes. 

A map of median differential slope (/5) 
derived from the topographic measurements 
(Fig. 1B) illustrates that kilometer-scale slopes 
are generally much lower within the northern 
lowlands than in the surrounding areas. The low- 
lands are partially filled with a smooth plains 
unit that occupies more than 6% of Mercury’s 
surface (16). On the basis of its geological char- 
acteristics, the plains have been interpreted as a 
product of flood volcanism early in Mercury’s 
history marked by high rates of eruption of high- 
temperature lavas (/6). Elemental composition 
measurements made with MESSENGER’s X-Ray 


Fig. 2. Histogram of northern 
hemisphere elevations, relative 
to a sphere of radius 2440 km, 
projected onto an equal-area 
grid from 4°S to 83.5°N. The 
red line is a smooth curve fit 
to the observations; the red 
bar indicates +1 standard de- 
viation from the mean. 


Fractional area, percent 


Fig. 3. (A) Average along-track tilts of the floors of impact craters 
(arrows) within and in the vicinity of the Caloris basin superimposed on 
regional topography. Tilts are obtained from representative MLA tracks 
across each crater and constitute the projection of total tilt onto the 
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Spectrometer (XRS) indicate that the northern 
plains are similar in composition to basalts on 
other terrestrial bodies (17, 18). The diameters 
of partially to fully buried craters on the plains 
unit imply that plains thicknesses, at least lo- 
cally, exceed 1 to 2 km (/6). The black curve 
in Fig. 1B shows that the boundary of the 
smoothed plains and of the area of low dif- 
ferential slope is reasonably well matched along 
a substantial portion of its length by a constant 
elevation relative to the geoid. These relation- 
ships suggest that the flood volcanism that 
created the northern plains involved highly fluid 
lavas. 

At present, however, the northern smooth 
plains deviate from a level surface. In partic- 


) 
Elevation, km 


REPORTS 


ular, the northern lowlands host a regional 
topographic rise (centered near 68°N, 33°E) 
that is ~950 km in diameter and is elevated by 
~1.5 km above its surroundings. This northern 
rise is characterized by a large (~150 mGal) 
positive gravity anomaly (4). This value is only 
slightly less than the magnitude of the anomaly 
that would be predicted by topography alone and 
suggests at most limited compensation (e.g., by 
thickened crust) (4). The northern rise does not 
display kilometer-scale slopes distinguishable 
from the rest of the northern plains (Fig. 1B), 
and the size-frequency distributions of super- 
posed impact craters indicate that the age of 
the rise surface is indistinguishable from that 
of the surrounding plains (19). Moreover, topo- 
graphic profiles through volcanically buried 
craters on the rise indicate that the flooded 
floors tilt away from the highest point on the 
rise (20). These observations indicate collective- 
ly that at least a portion of the rise topography 
postdates the emplacement of the plains. The 
implied vertical motions following plains em- 
placement could be the result of lithospheric 
deformation, magmatic intrusion, or mantle dy- 
namic uplift. 

The Caloris basin (centered at 31°N, 160°E), 
1550 km in diameter (2/), is the best preserved 
and presumably youngest of the large impact 
basins on Mercury (8, 22). A terrain model of 
the Caloris region derived from stereo images 
acquired during MESSENGER’s first Mercury 
flyby (23) displayed basin-concentric rings and 
suggested long-wavelength undulations of the 
basin interior surface, but the lack of long- 
wavelength geodetic control in the model ren- 
dered these undulations uncertain. The MLA 


-2 0 
Altitude (km) 


vertical plane containing the track. Arrow length is proportional to tilt. 
Dashed line shows the ground track of the profile in (B). (B) Profile 
MLASCIRDR1107292041 across the 100-km-diameter crater Atget dem- 
onstrates northward tilt of the crater floor. 
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topographic model, in contrast, is precisely 
controlled and enables confident characteriza- 
tion of long-wavelength topography. MLA ob- 
servations confirm that the northern floor of 
Caloris is elevated relative to other parts of the 
basin interior, so much so that in places the 
floor lies above the basin rim (Fig. 3). This 
portion of the floor of Caloris appears to be 
part of a quasi-linear rise that trends generally 
west-southwest-east-northeast and extends 
over approximately half the circumference of 
Mercury at mid-latitudes (Fig. 1A). The floors 
of younger impact craters within and near Caloris 
(Fig. 3) display departures from the horizontal 
that generally correlate with regional tilts im- 
parted by the long-wavelength topography of 
the region and are consistent with modifica- 
tion of Mercury’s long-wavelength topogra- 
phy some time after the formation of Caloris 
and the emplacement of its interior and ex- 
terior volcanic plains. 

The changes in long-wavelength topogra- 
phy within the Caloris basin and northern plains, 
and perhaps elsewhere on Mercury, occurred 
after both the end of heavy impact bombard- 
ment and the emplacement of the largest ex- 
panses of volcanic plains on the planet. One 
possible source of long-wavelength topogra- 
phy is the isostatic response to variations in 
crustal thickness. However, the oldest terrains 
on Mercury display crater size-frequency dis- 
tributions at large crater diameters similar to 
those on the most densely cratered parts of the 
Moon (24). Thus, crustal formation substan- 
tially predated long-wavelength topographic 
change and cannot explain the observations. A 
second possible source of such long-wavelength 
change in topography is mantle convection (25). 
However, recent mantle convection simulations 
(26) constrained by internal structure models 
consistent with Mercury’s long-wavelength grav- 
ity field (4) and by the latitudinal distribution of 
surface insolation do not produce surface de- 
formation of the magnitude required to explain 
the observed topography. Another contribution 
to topographic change is volcanic and magmatic 
loading of the lithosphere along with its flexural 
response, which has a predictable pattern. Fi- 
nally, long-wavelength changes in topography 
could be a deformational response to interior 
planetary cooling and contraction (27). Evidence 
for topographic changes during Mercury’s evo- 
lution is consistent with evidence from the geom- 
etry of ridges and lobate scarps that these features 
accommodated surface strain over a substan- 
tial fraction of Mercury’s geological history 
(28). Observations of the topography add to 
the growing body of evidence that Mercury 
was a tectonically, volcanically, and dynami- 
cally active planet for much of its evolution. 
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ESCRT-III Governs the Aurora 
B—Mediated Abscission Checkpoint 


Through CHMP4C 


Jeremy G. Carlton,* Anna Caballe, Monica Agromayor, Magdalena Kloc, Juan Martin-Serranot 


The endosomal sorting complex required for transport (ESCRT) machinery plays an evolutionarily 
conserved role in cytokinetic abscission, the final step of cell division where daughter cells are 
physically separated. Here, we show that charged multivesicular body (MVB) protein 4C (CHMP4C), 
a human ESCRT-III subunit, is involved in abscission timing. This function correlated with its 
differential spatiotemporal distribution during late stages of cytokinesis. Accordingly, CHMP4C 
functioned in the Aurora B—dependent abscission checkpoint to prevent both premature resolution 
of intercellular chromosome bridges and accumulation of DNA damage. CHMP4C engaged the 
chromosomal passenger complex (CPC) via interaction with Borealin, which suggested a model 
whereby CHMP4C inhibits abscission upon phosphorylation by Aurora B. Thus, the ESCRT 
machinery may protect against genetic damage by coordinating midbody resolution with the 


abscission checkpoint. 


he final separation of daughter cells during 
cytokinesis is the ancestral function of 
the endosomal sorting complex required 
for transport (ESCRT) machinery (/—5) which 
also acts to resolve equivalent membrane scission 
events in multivesicular body (MVB) forma- 


tion (6, 7) and human immunodeficiency virus— 
1 (HIV-1) budding (8, 9). Midbody recruitment 
of ESCRT-II, the filament-forming scission ma- 
chinery, is an essential event in cytokinesis that is 
thought to provide constrictive force during ab- 
scission (2, /0—12). An Aurora B-dependent 
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abscission checkpoint (NoCut) is thought to 
retard abscission to prevent damage of lagging 
chromosomes that are trapped in the midbody 
(J3—15) and may function more generally as an 
abscission timer (/3). However, mechanisms 
that modulate abscission timing remain poorly 
understood and the involvement of the core 
abscission machinery in this process is unclear. 

Here, we investigated the function of charged 
MVB proteins CHMP4A, -B, and -C, human 
homologs of the yeast ESCRT-II subunit Snf7p. 
For this purpose, specific small interfering RNAs 
(siRNAs) and antibodies against each of the 
CHMP4s were developed (/6) (fig. S1). We then 
analyzed ESCRT-dependent endosomal down- 
regulation of class I major histocompatibility 
complex (MHC-I) molecules in HeLa cells stably 
expressing the K3 ubiquitin ligase from Kaposi’s 
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sarcoma-associated herpes virus (KSHV) (/7). 
Similarly to depletion of tumor susceptibility 
gene 101 (TSG101), depletion of CHMP4B pre- 
vented MHC-I degradation, whereas depletion of 
CHMP4A or CHMP4C had little effect on this 
process (fig. S2, A and B). As expected (78), de- 
pletion of CHMP4A or CHMPA4C did not inhibit 
HIV-1 release, and only depletion of CHMP4B 
inhibited this ESCRT-dependent process (fig. S3). 
Furthermore, CHMP4A and CHMP4C were dis- 
pensable for completion of cytokinesis, whereas 
CHMP4B was again the sole paralog required 
(Fig. 1, A and B). However, in asynchronous cul- 
tures of CHMP4C-depleted HeLa cells, fewer cells 
were connected by midbodies (Fig. 1C), which 
led us to question whether midbodies were re- 
solved faster in cells lacking CHMP4C. 

We then imaged live HeLa cells stably ex- 
pressing mCherry-tubulin (HeLa mCh-Tub) (/9) 
to examine mitotic dynamics. CHMP4C-depleted 
cells (Fig. 1D) showed normal duration of early 
mitotic phases and centrosome amplification (Fig. 
1E and fig. S4A). We next monitored tubulin 
disassembly at the midbody as a marker that cor- 


REPORTS 


relates strongly with abscission (/5). Cells treated 
with control siRNAs resolved their midbodies 
with similar kinetics and depletion of CHMP4C 
reduced abscission time by ~30 min (Fig. 1F, fig. 
S4A, and movies S1 to $4). Abscission was also 
faster in cells codepleted of CHMP4C and Spastin, 
an adenosine triphosphatase involved in destabili- 
zation of midbody microtubules (20, 2/), which 
suggested that CHMP4C and Spastin regulate dis- 
tinct stages of abscission (fig. S4B). We next used 
cell lines stably expressing mCh-tubulin and com- 
parable levels of green fluorescent protein (GFP)— 
tagged CHMP4B or CHMPA4C (22) (Fig. 1G) for 
simultaneous imaging of abscission and midbody 
recruitment of ESCRT-III. Early phases of mi- 
tosis and abscission (Fig. 1, H and I) were similar 
in control and GFP-CHMP4B-expressing cells. 
However, expression of GFP-CHMP4C resulted 
in an abscission delay that could be explained by 
increased levels of intracellular CHMP4C (Fig. 
11; fig. S5, A to D; and movies S5 and S6). As 
expected (/2), GFP-CHMP4B localized tran- 
siently to the midbody arms immediately (21 + 7 
min) before abscission, whereas GFP-CHMP4C 
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Fig. 1. CHMP4C negatively regulates cytokinesis. (A) Resolved HeLa cell 
lysates were examined by blotting with antibodies against CHMP4A, CHMP4B, 
CHMPAC, or heat shock protein 90 kD (HSP90). (B and C) siRNA-transfected 
HeLa cells were fixed and stained with o-tubulin. (B) Multinucleate cells 
(n = 3, +SD) or (C) cells connected by midbodies (n = 7, +SD) were scored 
visually. (D) Resolved lysates from siRNA-transfected HeLa mCh-Tub cells were 
examined by blotting with antibodies against CHMP4C or HSP90. (E and F) 
Asynchronous cultures of HeLa mCh-Tub cells were transfected with the in- 
dicated siRNA and imaged live, and mitotic durations were quantified. Ab- 
scission time was calculated across four independent experiments (luciferase: 
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93 + 38 min, n = 96; nontargeting: 94 + 36 min, n = 94; CHMP4C-1: 59 + 
17 min, n = 88; CHMP4C-2: 61 + 25 min, n = 100). (G) Resolved cell lysates 
from HeLa cells stably expressing mCh-Tub and either GFP-CHMP4B or GFP- 
CHMP4C were examined by blotting with antibodies against HSP90, GFP, 
CHMP4B, or CHMPAC. (H and 1) Cells from (G) were imaged live, and mitotic 
durations were quantified. The more intense imaging (16) resulted in general 
abscission delays to 116 + 45 and 137 + 61 min for control or GFP-CHMP4B— 
expressing cells, whereas GFP-CHMP4C—expressing cells took 240 + 103 min 
to complete abscission. Data comprise 185 cells per condition from three 
independent experiments. 
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localized earlier to the midbody, arriving 176 + 
19 min before abscission (Fig. 2, A to D). During 
its recruitment, GFP-CHMPA4C localized initially 
to the midbody arms, before being directed to the 
central region (Flemming body) (Fig. 2, A to D; 
fig. S5, A to D; and movies S5 and S6). Thus, 
CHMP4B and CHMP4C exhibit differential spa- 
tiotemporal distribution during late cytokinesis. 
We sought differences between CHMP4 
paralogs that could explain their differential be- 
havior. Alignment of the regulatory region at the 
C termini of CHMP4s revealed a CHMP4C- 
specific insertion (INS) at residues 201 to 217 
(Fig. 2E). This insertion is expanded in mammals 
(fig. S6) and contains numerous serine (S) and 
threonine (T) residues. Transiently overexpressed 
CHMP4 chimeras containing CHMP4C’s C ter- 
minus were more potent inhibitors of cell division 


Fig. 2. Differential spatiotemporal recruitment of 
CHMP4 paralogs during cytokinesis. (A to D) GFP 
fluorescence intensities of midbody-localized (A and 
C) GFP-CHMP4B (n = 14, +SD) or (B and D) GFP- 
CHMP4C (n = 9, +SD) during abscission. Abscission 
indicated by arrow, time in minutes. (C and D) Selected 
frames are presented. Initial recruitment of GFP- 
CHMP4C to midbody arms is marked (arrowhead). 
(E) ClustalW alignment of the C-terminal regions of 
CHMP4A, CHMP4B, and CHMPAC, S210 indicated by 
arrow. MIM2, a motif that binds microtubule interac- 
tion and trafficking (MIT) domains. (F) HeLa cells 
transfected with plasmids encoding the indicated 
HA-CHMP4 constructs were fixed and stained with 
antibodies against tubulin and HA. Multinucleate 
cells were scored (n = 5, +SD). (G and H) HeLa mCh-Tub 
cells stably expressing HA-CHMP4C®, HA-CHMP4CSINS, 
or HA-CHMP4C® 5210A were treated with CHMP4C 
siRNA, fixed, and stained with HA-specific antibody. 
The HA-CHMP4C location was scored (n = 3, +SD). 
Scale bar is 10 um. 
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(Fig. 2F), and grafting INS into the correspond- 
ing region of CHMP4B produced a chimera that 
inhibited cell division (Fig. 2F), which suggested 
that INS may be a platform for phosphorylation 
that inhibits abscission. We next determined the 
spatial distribution of CHMP4C during abscis- 
sion by analyzing hemagglutinin (HA)+tagged 
CHMPA4C expressed stably at near-endogenous 
levels. In early midbodies, HA-CHMP4C local- 
ized to the midbody arms, whereas in late mid- 
bodies, as observed for GFP-CHMP4C in living 
cells (Fig. 2B), HA-CHMP4C localized to the 
Flemming body in an INS-dependent manner 
(Fig. 2, G and H). In contrast, CHMP4A and 
CHMP4B were only observed on midbody arms 
(fig. SSE). We speculated that phosphorylation of 
residues within INS may have directed CHMP4C’s 
localization and mapped the determinant of 


Flemming body localization in late cyokinesis to 
S210, a residue conforming to the consensus se- 
quence for Aurora B ([R/K](1-3)-X-[S/T] (23) 
(Fig. 2, G and H, and fig. SSF). 

We next wondered whether CHMP4C partici- 
pated in the Aurora B-dependent NoCut abscission 
checkpoint. This checkpoint can be activated by 
partial depletion of nucleoporin 153 kD (NUP153) 
and is evidenced by an accumulation of cells 
unable to complete abscission and arrested at the 
midbody stage (24). NoCut activation was pre- 
vented by codepletion of CHMP4C with NUP153 
(Fig. 3, A and B), despite phosphorylated Aurora 
B persisting at midbodies (Fig. 3C). Chromo- 
somes trapped at the midbody may provide an 
alternative NoCut activation route. We found that 
HA-CHMP4C preferentially localized to intercel- 
lular chromatin bridges illuminated with yellow 
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fluorescent protein (YFP)}-tagged lamin-associated 
protein 2B (LAP28) (Fig. 3D and fig. S7, A and 
B). Moreover, HA-CHMP4C colocalized with ac- 
tivated Aurora B at these chromatin bridges (Fig. 
3E). We examined intercellular DNA-bridge res- 
olution in CHMP4C-depleted cells and observed 
that YFP-LAP2B-positive bridge formation and 
cellular viability were normal (fig. S7, C and D) and 
also found, similarly to Aurora B—inhibited cells 
(/5), faster resolution of YFP-LAP2B-—positive 
chromatin bridges (Fig. 3F; fig. S7, E to G; and 
movies S7 to S9). Consequently, stable depletion 
of CHMP4C resulted in increased levels of his- 
tone H2AX phosphorylation (Fig. 3G and fig. 
S7H), which suggested that deregulation of the 
abscission checkpoint in these cells results in the 
accumulation of genetic damage (25). 

Given the essential role of CHMP4C in the 
regulation of abscission timing and its participa- 
tion in the Aurora B-dependent abscission check- 
point, we searched for links between components 
of the chromosomal passenger complex (CPC) and 
ESCRT-III by yeast two-hybrid screening. We found 
interactions between Borealin and CHMP2A, 
CHMP4B, CHMP4C, and CHMP6 (Fig. 4, A 
and B) and mapped these interactions to the C 
terminus of Borealin (fig. S8A), a region that re- 
cruits adaptor proteins to the CPC. CHMP4C was 
the strongest interactor with Borealin, and we 
could coprecipitate CHMP4C with Aurora B 
(fig. S8B), which confirmed that the ESCRT ma- 
chinery is able to engage the CPC. Colocaliza- 
tion of HA-CHMP4C and members of the 
CPC was observed in early, but not late, mid- 
bodies (Fig. 4C and fig. S8, C and D). Accordingly, 


a A-phosphatase-sensitive, mobility-shifted form 
of HA~-CHMPA4C was detected in mitotic lysates and 
was enriched on a phospho-affinity resin (Fig. 4D 
and fig. S8E). Similar to centrosomal protein of 
55 kD (CEPS5S) (26, 27), CHMP4C phosphoryl- 
ation occurred at mitotic onset and reverted in a 
phosphatase-dependent manner as mitosis pro- 
gressed (Fig. 4E). An Aurora B inhibitor reduced 
CHMPA4C phosphorylation (Fig. 4F), and the 
epitope detected by a-CHMPA4C, which recog- 
nizes INS, was masked in the mobility-shifted 
fraction and revealed upon A-phosphatase treat- 
ment (Fig. 4D), which suggested that residues 
within CHMP4C’s insertion were phosphoryl- 
ated during mitosis. Finally, Aurora B could spe- 
cifically phosphorylate CHMP4C on $210 within 
INS, the residue required for Flemming body lo- 
calization (Fig. 4, G and H, and fig. S8, F and G). 

To investigate the role of Aurora B phospho- 
rylation of CHMP4C on abscission timing, we 
used HeLa mCh-Tub cell lines stably expressing 
HA-tagged, siRNA-resistant versions of CHMP4C 
(HA-CHMP4C®, HA-CHMP4C® 8INS, or HA- 
CHMP4C® §210A) expressed at similar, near- 
endogenous levels (Fig. 41). Interaction of these 
mutants with known CHMP4C-binding proteins 
(fig. S8H) was maintained, and early mitotic 
phases were completed normally in cells depleted 
of endogenous CHMP4C and reliant on these pro- 
teins (fig. S81). Note that HA-CHMP4C® rescued 
the faster abscission induced by CHMP4C de- 
pletion (Fig. 4J), whereas cells reliant on HA- 
CHMP4C® 8INS and HA-CHMP4C® $210A 
could not (Fig. 4K). We propose that Aurora 
B-dependent phosphorylation of S210 allows 
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Fig. 3. CHMP4C regulates the abscission checkpoint. (A to C) (A) Cell lysates 
from siRNA-transfected HeLa cells were examined by blotting with antibodies 
against NUP153, CHMP4C, HA, and HSP90. Multinucleate and midbody- 
connected cells were scored visually (n = 6, +SD). Alternatively, cells were 
fixed and stained with antibodies against (B) tubulin or (C) tubulin and 
p1232 Aurora B. Scale bar is 10 um. (D and E) HeLa cells stably express- 
ing YFP-LAP2B were transfected with plasmids encoding the indicated HA- 
CHMP4 constructs. Cells were fixed and stained with antibodies against (D) 


E pT232 AuroraB YFP-LAP2B 
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tubulin and HA or (E) pT232 Aurora B and HA. Scale bar is 10 um. (F) HeLa 
cells stably expressing YFP-LAP2 were transfected with the indicated siRNA 
and imaged live; the duration of LAP2B-bridge resolution was quantified 
across six independent experiments (luciferase: 576 + 454 min, n = 116; 
CHMP4C-1: 321 + 308 min, n = 112; CHMP4C-2: 291 + 278 min, n = 103). 
(G) Cell lysates from clonal short hairpin RNA (shRNA)—transduced HeLa 
cells were examined by blotting with antibodies against yH2AX, CHMPAC, 


CHMP4C localization to the Flemming body and 
acts as a brake on the late stages of cytokinesis. Fur- 
thermore, cells stably expressing YFP-LAP2 and 
HA-CHMP4C® 8210A were unable to delay ab- 
scission in response to intracellular chromatin bridges, 
despite the presence of these proteins at the chroma- 
tin bridge (fig. S9A), which indicated deregulation 
of the NoCut checkpoint in these cells (Fig. 4L). 

Here, we found that CHMP4C acts as an 
essential regulator of the Aurora B—mediated ab- 
scission checkpoint. In the absence of CHMP4C, 
cells complete abscission faster. We suggest that 
Aurora B-dependent phosphorylation of CHMP4C 
on $210 directs its Flemming body localization 
and delays abscission through activation of NoCut, 
possibly by preventing assembly of a productive 
abscission complex. A phosphomimetic muta- 
tion (S210D) had no apparent effect on known 
CHMP4C interactions (fig. S9B), which suggested 
that phosphoregulation of abscission timing may 
involve as-yet-unknown CHMP4C binding part- 
ners. That the S210 consensus site is conserved 
only in mammals suggests that this mechanism 
might have emerged late in evolution as a safety 
belt in addition to the interactions of the CPC 
with CHMP2A and CHMP6. CHMP4C deple- 
tion circumvents the NoCut abscission check- 
point, allows faster resolution of chromatin bridges, 
and induces the accumulation of phosphorylated 
H2AX. These observations are consistent with a 
role of CHMP4C in protection against DNA dam- 
age accumulation. In this context, as well as be- 
ing charged MVB proteins (28), CHMPs were 
originally reported as chromatin-modifying pro- 
teins (29) that could associate with condensed 
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Fig. 4. Aurora B—dependent phosphorylation of CHMP4C $210 activates 
the NoCut abscission checkpoint. (A) B-Galactosidase assay from yeast co- 
transformed with the indicated VP16- and GAL4-fused constructs (n = 3, +SD). 
(B) Cell lysates and glutathione-bound fractions from human embryonic 
kidney (HEK) 293T cells transfected with the indicated fusion proteins were 
examined by Western blotting with antibody against HA. (C) HeLa mCh-Tub 
cells stably expressing HA-CHMP4C® were fixed and stained with antibodies 
against HA and Aurora B. (D) Asynchronous and mitotic lysates of HeLa mCh- 
Tub cells stably expressing HA-CHMP4C* were immunoprecipitated with HA- 
specific antibody and treated as indicated, then examined by blotting with 
antibodies against HA, CHMP4C, CHMP4B, CEP55, and HSP90. (E and F). 
Asynchronous or mitotically arrested HeLa mCh-Tub cells stably expressing 
HA-CHMPA4C® were either (E) released into media containing dimethyl sul- 
foxide (DMSO) or the phosphatase inhibitor okadaic acid (OA) for the indi- 
cated times or (F) treated overnight during the nocodazole arrest with 
inhibitors of mitogen-activated protein kinase kinase (MEK) (U0126), phos- 
phatidylinositol 3-kinase (LY294002) or Aurora B (ZM447439). Cell lysates 
were examined by blotting with antibodies against HA and HSP90. (G and H) 
Proteins were immunoprecipitated from HEK 293T cells with antibody against 


HA and subjected to an in vitro kinase assay with recombinant Aurora B. 
Incorporated 3P was visualized by phosphorimaging; blotting with HA-specific 
antibody allowed detection of immunoprecipitates. (I to K) Asynchronous 
cultures of HeLa mCh-Tub cells stably expressing HA, HA-CHMP4C®, HA- 
CHMP4C® SINS, or HA-CHMP4C® S210A were transfected with the indicated 
siRNA. (I) Resolved cell lysates were examined by blotting with antibodies 
against CHMP4C, HA, and HSP90. (J and K) Alternatively, cells were imaged 
live. Abscission times were quantified across seven independent experiments 
(luciferase, 104 + 35 min, n = 244; CHMP4C siRNA, 71 + 37 min, n = 260; 
CHMPAC siRNA and HA-CHMP4C®, 118 + 52 min, n = 269; CHMP4C siRNA and 
HA-CHMP4C® SINS, 81 + 40 min, n = 264; CHMP4C siRNA and HA-CHMP4C® 
$210A, 91 + 38 min, n = 268). (L) HeLa cells stably expressing YFP-LAP2B and 
HA or HA-CHMP4C®, HA-CHMP4C® SINS, or HA-CHMP4C® S210A were treated 
with the indicated siRNA and imaged live. The timing of YFP-LAP2B bridge 
resolution was quantified from two independent experiments (luciferase, 628 + 
382 min, n = 41; CHMP4C siRNA, 413 + 292 min, n = 41; CHMP4C siRNA and 
HA-CHMP4C®, 698 + 332 min, n = 41; CHMPAC siRNA and HA-CHMP4C® 
SINS, 402 + 259 min, n = 36; CHMP4C siRNA and HA-CHMP4C® $210A, 421 + 
295 min, n = 40). 
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chromatin, which suggests that the physical in- 
teraction of lagging chromosomes and ESCRT- 
Ill at the midbody may trigger activation of NoCut. 
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Atg7 Modulates p53 Activity 
to Regulate Cell Cycle and Survival 
During Metabolic Stress 


In Hye Lee,? Yoshichika Kawai,’ Maria M. Fergusson," Ilsa |. Rovira,’ Alexander J. R. Bishop,” 


Noboru Motoyama,? Liu Cao,** Toren Finkel?* 


Withdrawal of nutrients triggers an exit from the cell division cycle, the induction of autophagy, 
and eventually the activation of cell death pathways. The relation, if any, among these events 

is not well characterized. We found that starved mouse embryonic fibroblasts lacking the essential 
autophagy gene product Atg7 failed to undergo cell cycle arrest. Independent of its E1-like 
enzymatic activity, Atg7 could bind to the tumor suppressor p53 to regulate the transcription 

of the gene encoding the cell cycle inhibitor p21°°“**. With prolonged metabolic stress, the 
absence of Atg7 resulted in augmented DNA damage with increased p53-dependent apoptosis. 
Inhibition of the DNA damage response by deletion of the protein kinase Chk2 partially rescued 
postnatal lethality in Atg7~" mice. Thus, when nutrients are limited, Atg7 regulates p53-dependent 


cell cycle and cell death pathways. 


ell cycle progression and autophagic flux 

are both sensitive to nutrient availabil- 

ity. Furthermore, with prolonged nutrient 
deprivation, cell death pathways and autopha- 
gy are simultaneously activated (/). However, 
our understanding of how autophagy intersects 
with cell cycle progression or apoptotic cell death 
is incomplete. We demonstrate that in the set- 
ting of low nutrients, cells lacking Atg7 have 
impaired p53-mediated cell cycle arrest, whereas 
with continued metabolic stress, cells and tissues 
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lacking Atg7 display increased p53-mediated 
cell death. 

To address whether cell cycle progression and 
autophagy are linked, we examined the effects of 
acute nutrient withdrawal on subsequent S-phase 
entry in either wild-type or Atg7 ’ mouse em- 
bryonic fibroblasts (MEFs). In wild-type MEFs, 
S-phase entry, as assessed by bromodeoxyuridine 
(BrdU) incorporation, decreased by about 60% in 
the first 3 hours after acute withdrawal of serum 
and amino acids (Fig. 1A and fig. $1). In contrast, 
only about 20% of Atg7’" MEFs successfully 
exited the cell cycle under the same conditions 
(P <0.001, 1 =4). The withdrawal from the cell 
cycle under starved conditions is often mediated 
by accumulation of cyclin-dependent kinase in- 
hibitors (CKIs) such as p27-“N'8 or p21N'4 
(2-7). Although early-passage wild-type MEFs 
rapidly accumulated p21©?“N' protein after be- 
ing shifted to starvation media, this response was 


largely absent in Atg7 ’" MEFs (Fig. 1B). In con- 
trast, the abundance of p27°?“N'® was not ap- 
preciably different between the two cell types. 
Similarly, metabolic stress induced the accumu- 
lation of p21°°<N'“ mRNA in wild-type but not 
Atg7’ MEFs (Fig. 1C). Consistent with previ- 
ous observations (8), the starvation-induced in- 
crease in p21°?*N'4 expression was largely absent 
in human or mouse cells lacking p53 (fig. S2). 
Transcription from a p21“ promoter linked 
to a luciferase reporter was increased in wild-type 
but not Atg7 ’ MEFs deprived of nutrients (Fig. 
1D). Chromatin immunoprecipitation (ChIP) 
analysis demonstrated that under starved con- 
ditions, endogenous Atg7, along with p53, was 
present at the p21 promoter (Fig. 1E). 

Similar analysis in human cells in which Atg7 
expression was decreased with small interfering 
RNA (siRNA) confirmed the impaired expression 
of p21°?*%"4 in nutrient-deprived cells (Fig. 1F). 
In contrast, depletion of Beclin 1 (Atg6) had no 
effect on the starvation-induced increase in either 
p21°?XN' protein or mRNA expression (Fig. 
1G and fig. $3). A similar analysis in Atg5’ 
MEFs again revealed no alteration in expression 
of p21°PN! (fig. S4) or other cell cycle param- 
eters (9). Thus, the observed defects in cell cycle 
arrest and the lack of p21©?*N'* accumulation 
after nutrient withdrawal appear to be specific 
for Atg7. This defect was not confined to nutrient 
withdrawal, as Atg7-deficient cells also appeared 
to have impaired confluence-dependent growth 
arrest (Fig. 1, H and I). 

We used epitope-tagged proteins to demon- 
strate that p53 and Atg7 are present in a single 
complex (Fig. 2A). Analysis of endogenous 
proteins revealed a similar interaction that was 
enhanced after nutrient withdrawal (Fig. 2B). Com- 
plexes containing Atg7 and p53 complex were 
evident in both the cytosol and the nucleus (fig. $5). 
Using p53 glutathione S-transferase (GST) con- 
structs, we showed that the region corresponding 
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Fig. 1. Requirement of Atg7 for p21°°“"™ expression and for cell cycle arrest. (A) Percentage reduction in S-phase entry as 0 
measured by BrdU incorporation during starved versus fed conditions for early-passage primary wild-type (WT) or Atg7~ Day1 Day3 Day4 Day6 
MEFs. Shown is one representative experiment performed in triplicate with greater than 200 individual cells assessed per 
condition. (B) Protein immunoblot assessment of p21 and p27°*N8 expression in WT and Atg7~~ MEFs after | wT os Lr 
withdrawal of nutrients. Actin is used as a loading control. (C) Abundance of p21°*"* mRNA after starvation in WT and =| es: 
Atg7~" MEFs. (D) Activity of the p21°°*™74 promoter containing a p53 binding element in WT or Atg7~ MEFs under fed 
and starved conditions. (E) ChIP of the p21" promoter prepared from starved HCT116 cells with antibodies to aaa actin 


endogenous p53, Atg7, or an irrelevant immunoglobulin G (IgG) control. (F) Starvation-induced p21°*"™* protein Day 134 #1834 
expression in the human HCT116 cell line after transfection with a scrambled control siRNA or after depletion of Atg7. (G) 

p21°™4 protein after depletion of Beclin 1 (Atg6). (H) Confluent density achieved by either WT or Atg7~~ primary MEFs seeded initially at a high but equal density. (1) 
Corresponding expression of p21°°*™4 as a function of confluent density in WT or Atg7~~ MEFs. *P < 0.01 (Student f test between WT and Atg7~ MEFs), n > 3. 


Fig. 2. Interaction of Atg7 

with p53. (A) Protein- 

protein interaction in A B 
transfected HCT116 cells 
assessed by protein im- 
munoblot (WB) analysis 
with myc-tagged Atg7 
and Flag-tagged p53. Im- 
munoprecipitation (IP) 


IP:myc + - + + WB: Starved 0 30 60 180 
: (min) 
omy Flag-p53 


was performed using an 
antibody to the myc ep- 
itope or, where indicated 
(~), an irrelevant IgG iso- 
type control serum. IP 
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Input 
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was performed using 2 mg 
of protein lysate; the in- 
put represents 50 ug of 
lysate. (B) Interaction be- 
tween endogenous Atg7 
and p53 in HCT116 cells 
under fed conditions (t = 0) 
and after withdrawal of 
nutrients. (C) In vitro in- 
teraction between full- 
length myc-tagged Atg7 
and various GST full-length 
(FL) or truncation mutants 
of p53. (D) A GST-p53 con- 
struct (AC) consisting of 
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stimulated by full-length Atg7 (1-673), whereas constructs lacking 

either the active cysteine (Cys°””), the C terminus (AQ), or both of these al- 
terations lack E1-like enzymatic activity. A minimum of 300 cells per sample 
were counted using quadruplicate samples per construct (**P < 0.01, full- 
length Atg7 compared to other conditions). (F) In vitro binding of hemagglutinin 
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p21°°K24 promoter activity in fed Atg7~’" MEFs transfected with WT Atg7 or 
Atg7 constructs with and without E1-like enzymatic activity (n = 4 per con- 
dition, **P < 0.01 compared to vector control). 


13 APRIL 2012 VOL 336 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on April 12, 2012 


to the p53 tetramerization (TET) domain medi- 
ated the interaction with Atg7 (Fig. 2, C and D, 
and fig. S6) and that Atg7 could promote the 
formation of p53 tetramers (fig. S7). 

In yeast Atg7, a specific C-terminal active- 
site cysteine residue and the C-terminal 40 amino 
acids are required for full enzymatic activity (/0). 
We therefore analyzed the biological activity of 
mammalian Atg7 mutants containing a serine 
residue at the active-site cysteine (Atg7~°"'S), a 
deletion of the C terminus (Atg7AC), or a com- 
bination of the two (Atg7>’!SAC). Increased 
Atg7 expression can stimulate autophagic flux 
(11, 12). The overexpression of wild-type Atg7 
but not the mutant proteins caused an increase 
in the conversion of light chain 3 form 1 (LC3-I) 
to LC3-II. This posttranslational modification 
of LC3 is indicative of the El-like ubiquitin- 
conjugating activity of Atg7 (Fig. 2E and figs. 
S8 and S9). However, full-length Atg7, as well 
as the enzymatically deficient Atg7™’!S and 
Atg7AC constructs, all appeared to bind to GST- 
p53 (Fig. 2F). This interaction was lost with 
the combined Atg7~7'SAC construct., When as- 
sayed in Atg7 ’ MEFs, the combined Atg7™’'SAC 
mutant failed to stimulate transcription of the 


Fig. 3. The absence of 
Atg7 increases mitochon- 
drial ROS, augments DNA 
damage, and activates 
p53. (A) Relative mRNA 
expression in starved 
WT or Atg7~ MEFs for 
a panel of proapoptotic 
p53-responsive genes 
(**P < 0.01 compared to 
WT MEFs). (B) ChIP as- 
say 3 hours after the in- 
duction of nutrient stress, 
demonstrating increased 
p53 binding to the Noxa 
promoter in HCT116 cells 
depleted of Atg7. (C) Ser” 
phosphorylation in con- 
trol or Atg7-depleted cells. 
(D) Images of DNA dam- 
age in WT and Atg7*~ MEFs 
as assessed by y-H2AX 
staining. (E) Fluorescence- 
activated cell sorter anal- 
ysis of WT and Atg7 ~~ 
MEFs under fed (black) or 
starved (red) conditions, 
using the redox-dependent fluorophore 
dichlorodihydrofluorescein diacetate 
(DCFDA). A rightward shift indicates 
higher intracellular ROS levels. (F) 
y-H2AxX foci formation in fed or starved 
WT and Atg7~’~ MEFs. Cells were 
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p21°PXN' gene (Fig. 2G), consistent with the 
absence of an in vitro interaction. In contrast, 
the autophagy-deficient Atg7™"'S and Atg7AC 
constructs were indistinguishable from wild- 
type Atg7 in stimulating transcription at the 
p21°PXN'4 promoter. As such, the ability of 
Atg7 to bind p53 and regulate transcription of 
p21°PXN' appears separable from its El-like 
enzymatic function. 

Taken together, our data indicate that under 
conditions of metabolic stress, Atg7 is required 
for the p53-dependent expression of p21°?SN'4. 
Analysis of several other known p53-regulated 
genes revealed no significant differences in ex- 
pression between wild-type and Atg7 ’ MEFs 
(fig. S10). In contrast, analysis of a subset of 
p53-regulated proapoptotic genes—most notably 
Noxa, Bax, and Puma—demonstrated increased 
expression of mRNA and protein in starved Atg7- 
deficient cells (Fig. 3A and fig. S11A). ChIP 
analysis revealed that Atg7-deficient cells de- 
prived of nutrients had increased p53 binding at 
promoters of proapoptotic target genes (Fig. 3B 
and figs. S11B and S12). Thus, the absence of 
Atg7 reciprocally regulates p53-dependent cell 
cycle and cell death pathways. 


In other contexts such as exogenous y- 
irradiation, activation of p53-dependent apopto- 
sis occurs in conjunction with DNA damage and 
the phosphorylation of p53 on specific N-terminal 
residues such as Ser”? (/3). When deprived of 
nutrients, cells lacking Atg7 had increased phos- 
phorylation of p53 at Ser”? (Fig. 3C) along with 
other parameters indicating increased activation 
of the DNA damage response pathway (Fig. 3D). 
Cells deficient in other essential autophagy gene 
products including Beclin 1 and Atg5 also exhibit 
increased activation of the DNA damage response 
(/4-16), along with an increase in reactive oxy- 
gen species (ROS) (/4, 77). We similarly found 
that Atg7 ‘~ MEFs had higher levels of ROS 
under basal and starved conditions (Fig. 3E) that 
were reduced by addition of the cell-permeant an- 
tioxidant N-acetylcysteine (NAC) or a mitochon- 
drial uncoupler (fig. $13). 

Treatment of wild-type or Atg7 ’” MEFs with 
NAC reduced the number of cells with DNA 
damage foci and starvation-induced phosphoryl- 
ation of p53 Ser”? (Fig. 3, F and G). Nutrient 
depletion—induced expression of Puma and other 
proapoptotic genes was also abrogated by anti- 
oxidant treatment of wild-type or Atg7 " MEFs 
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pared to starved cells not treated with NAC). (G) NAC treatment 


REPORTS 


inhibits starvation-induced p53 Ser”? phosphorylation in Atg7-depleted cells. 
(H) Puma expression in WT and Atg7~” MEFs under fed (—) or starved (+) 
conditions, in the presence or absence of the cell permeant antioxidant 
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N-acetylcysteine (NAC). (I) Cell death during fed or starved conditions in 
WT or Atg7~ MEFs in the presence or absence of NAC. Unless specified, all 
results are from at least triplicate determinations. 
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Fig. 4. Rescue of Atg7 deficiency after Chk2 deletion. 
(A) p53 Ser”° phosphorylation in HCT116 cells with 
stable short hairpin RNA depletion of Atg7 with and 
without additional siRNA-mediated depletion of Chk2. 
(B) Starvation-induced Puma expression in primary MEFs 
with the indicated genotype (n > 3 per genotype per 
condition). (C) Cell viability of MEFs with the indicated 
genotype under fed or starved conditions (**P < 0.01 
between starved WT and Atg7~“ cells, n = 4 per geno- 
type per condition). (D) Expression of proapoptotic 
gene products in the liver of pups about 8 hours 
after birth (**P < 0.01, n = 9 determinations per geno- 
type). (E) Survival of consecutive births of Atg7~ pups 
with the indicated Chk2 status. 


(Fig. 3H and fig. S14). Underscoring the dif- 
ference between the p53-mediated growth arrest 
and p53-mediated cell death pathways, NAC treat- 
ment had no effect on p53-dependent expression 
of p21°*N! during metabolic stress (fig. S15). 
Finally, consistent with the augmented DNA 
damage and increased activation of proapoptotic 
genes, Atg7’ MEFs were significantly more 
sensitive to starvation (fig. S16). Nonetheless, 
treatment with NAC largely protected these cells 
from starvation-induced cell death (Fig. 31). 

After DNA damage induced by y-irradiation, 
activation of Chk2 activation is required for 
p53 Ser*? phosphorylation and subsequent 
p53-dependent cell death (/8). In certain genetic 
models such as the absence of the Polycomb 
gene product Bmi-1, a rise in mitochondrial oxi- 
dants is sufficient to induce DNA damage and 
Chk2 activation (19). Thus, we analyzed the effect 
of depletion of Chk2 on p53 Ser”? phosphorylation 
induced by metabolic stress. In Atg7-deficient 
cells, depletion of Chk2 reduced starvation-induced 
phosphorylation of p53 Ser*° (Fig. 4A and fig. 
S17). The increase in proapoptotic gene expres- 
sion observed in Atg7-deficient cells was not ob- 
served in Atg7’ Chk2’ MEFs (Fig. 4B and 
figs. S18 and S19). Similarly, the reduced viabil- 
ity observed in starved Atg7 ’ MEFs was also 
absent in Atg7 ’ Chk2 ’ MEFs (Fig. 4C). 

Mice lacking Atg7 are born with the expected 
Mendelian frequency but rapidly succumb in 
the first few hours of life (20). The basis for this 
lethality is incompletely understood (2/). We 
wondered whether oxidative stress and the ac- 
tivation of the DNA damage response played a 
role. Metabolically active tissues of Atg7 ‘mice 
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demonstrated augmented expression of p53- 
dependent proapoptotic genes (Fig. 4D and fig. 
S20), but this was not observed in Atg7 ‘Chk2 *~ 
mice. Fewer than 5% of ATG7’ pups survived 
more than 24 hours and none survived more than 
48 hours. Deletion of one or both alleles of Chk2, 
however, significantly extended survival of Atg7- 
deficient animals (Fig. 4E). Long-term survival of 
double-knockout mice appeared to be limited by 
persistent neurological defects (fig. S21). 

Our data demonstrate that Atg7 and p53 bind 
each other directly, that starvation increases this 
interaction, and that in the absence of Atg7, cells 
fail to properly induce p21°?N'“ expression. 
This cell cycle defect is specific for Atg7 and is not 
observed in Atg5- or Atg6-deficient cells, nor 
does it require the El-like enzymatic activity of 
Atg7. In the absence of Atg7, prolonged metabolic 
stress leads to augmented p53 proapoptotic activ- 
ity. The increase in p53 proapoptotic activity ap- 
pears to be similarly dysregulated in Atg7 ’ and 
Atg5 cells (figs. S22 and $23). The physio- 
logical importance of this shared ROS-Chk2-p53— 
dependent pathway is underscored by the rescue 
of Atg7’~ postnatal lethality by Chk2 deletion. 
Previous results suggest that p53 can regulate au- 
tophagy (22-25). Our observations suggest that 
an additional and reciprocal regulation also exists 
whereby Atg7 can regulate p53. 
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Mechanism of Voltage Gating 
in Potassium Channels 


Morten @. Jensen,** Vishwanath Jogini,’ David W. Borhani,” Abba E. Leffler,* 


Ron O. Dror,’ David E. Shaw?’2* 


The mechanism of ion channel voltage gating—how channels open and close in response to voltage 
changes—has been debated since Hodgkin and Huxley's seminal discovery that the crux of nerve 
conduction is ion flow across cellular membranes. Using all-atom molecular dynamics simulations, we 
show how a voltage-gated potassium channel (KV) switches between activated and deactivated 

states. On deactivation, pore hydrophobic collapse rapidly halts ion flow. Subsequent voltage-sensing 
domain (VSD) relaxation, including inward, 15-angstrom $4-helix motion, completes the transition. 

On activation, outward $4 motion tightens the VSD-pore linker, perturbing linker—S6-helix packing. 
Fluctuations allow water, then potassium ions, to reenter the pore; linker-S6 repacking stabilizes 

the open pore. We propose a mechanistic model for the sodium/potassium/calcium voltage-gated ion 
channel superfamily that reconciles apparently conflicting experimental data. 


regulated ion flow underlies nerve con- 
duction (/). Only decades later were 
voltage-sensing domains (VSDs) identified as con- 
trolling the activity of voltage-gated K", Na’, and 
Ca’" channels (2-4), shifting these proteins between 
activated and deactivated states in response to 
changes in transmembrane voltage (5—7). Different 
mechanistic models have been proposed to describe 
how conserved arginine and lysine gating-charge 
residues on a VSD transmembrane helix (S4) cou- 
ple with the electric field to gate ion channel conduc- 
tion (8/0). Some experiments suggest substantial 
S4 motion during gating (//), others far less (/2). 
Also unresolved has been whether S4 moves 
through a largely static electric field or whether the 
VSD instead reshapes the field around S4 during 
gating. Even less clear has been how S4 triggers the 
attached channel pore domain to gate conduction. 
Finally, it has been unknown whether other mo- 
tions, either subtle or large-scale, are involved in 
voltage gating (6, /3), largely because, unlike the 
open state, no crystal structure of a fully deac- 
tivated, closed-state voltage-gated channel exists. 
To study the voltage-gated transition at the 
atomic level, we subjected the open conformation 
of the Ky1.2/Ky2.1 “paddle chimera” (/0, 14) 
voltage-gated K" channel to molecular dynamics 
(MD) simulations at both hyperpolarizing (V < 
0 mV) and depolarizing (V > 0 mV) voltages over 
experimentally determined channel-gating time 
scales. Our all-atom system comprises the chan- 
nel, either with (T1*) or without (Tl) the modu- 
latory, but functionally nonessential cytoplasmic 
T1 domain (/5, /6), in a symmetric, neutral phos- 
pholipid bilayer [omitting modulatory, negatively 
charged lipids (/7)], hydrated with 0.5 M KCI (78). 
The simulations were performed using a special- 
purpose machine designed for high-speed MD 
simulations (/9). 


H= and Huxley discovered that voltage- 


1D. E. Shaw Research, New York, NY 10036, USA. *Center for 
Computational Biology and Bioinformatics, Columbia Uni- 
versity, New York, NY 10032, USA. 


*To whom correspondence should be addressed. E-mail: 
morten.jensen@DEShawResearch.com (M.@.].); david.shaw@ 
DEShawResearch.com (D.E.S.) 


www.sciencemag.org SCIENCE VOL 336 


At depolarizing voltages, the channel exhib- 
ited steady outward conduction through a fully 
hydrated pore cavity (fig. S1); K* current and 
H,0/K" permeation ratio (~1) broadly agree with 
experiment (20) and pore domain—only simula- 
tions (27). No noticeable conformational changes 
occurred, suggesting that the crystal structure (/0) 
represents a fully activated, open state. 

In marked contrast, at hyperpolarizing voltages 
the channel went from an open, inwardly con- 
ducting state to a closed, nonconducting state— 
the resting state. The channel exhibited a tran- 
sient inward “tail” current, but conduction halted 
upon water leaving the hydrophobic pore cavity 
(dewetting) and concurrent pore closure (cavity 
collapse) at ~20 us (Fig. 1A and fig. S1); the ob- 
served dewetting, as also seen in pore-only sim- 
ulations (2/), explains the osmotic sensitivity of 
the overall gating process (2/, 22). Subsequent 
inward S4 translation and lateral loosening of the 
VSDs from the pore domain completed the tran- 
sition over ~100 to 200 us (Fig. 1A). Overall, the 
gating transition thus consists of the channel mov- 
ing from a VSD-up, (VSD-pore apposed) con- 
formation to a VSD-down (VSD-pore loosened) 
conformation (Fig. 1A, fig. S2, and movies S1 to 
S3). The T1* resting state exhibited less VSD— 
pore separation than T1 . 

The activated-state VSDs delay channel closure 
by preventing pore hydrophobic collapse into 
the intrinsically more stable closed state (21, 23). 
The time at which pore closure occurred (deter- 
mined by the pore cavity hydration level) and the 
tail current persistence time observed here—both 
~20 us—are in line with the 20 us experimental 
tail current time constant [temperature-corrected 
Shaker data (18, 24) (see fig. S1 and table S1)]. 
This closure time is ~10 times as long as what we 
found in pore domain—only simulations (2/), in- 
dicative of a VSD-imposed delay on the closure. 
A control simulation with a different water model 
(J8) also exhibited dewetting, after ~30 us, with 
little gating-charge transfer (fig. S4). The ~100 to 
200 us taken to complete the activated-to-resting 
transition—including full gating-charge displace- 
ment (Fig. 1)—compares well with the ~300 ps 


REPORTS 


observed experimentally for the slow off-gating 
component (25). 

The S4 helix—bearing gating-charge residues 
R1 [neutral Gln in the chimera: R1(Q)], R2, R3, 
R4, and KS—is the main VSD moving part. S4 
translated ~15 A overall across the membrane in 
sequential steps while rotating ~120°, moving in 
a groove formed by the largely stationary S1 to 
S3a helices (Fig. 1, B and C, and movies S4 to S6). 
S3b, while more mobile than S1 to S3a, did not 
translate inward to a notable extent. R4—centrally 
located in the activated state at the point of stron- 
gest transmembrane electric field (Fig. 1, B and D, 
inset)—initiated gating-charge movement; Phe**?, 
a central hydrophobic residue, separated the VSD 
extracellular and intracellular hydrated lumens 
throughout. R3 and R2 moved in turn, and in- 
ward S4 motion typically stopped when R1(Q) 
reached Phe?*?. These observations support a re- 
cent gating model that emphasizes sequential mo- 
tion of S4 gating-charge residues past Phe*** (26). 

As the gating-charge residues filed past Phe***, 
their side chains faced the aqueous VSD lumens, 
not the hydrophobic membrane or VSD core; tran- 
sient salt bridges formed by the gating-charge 
residues with acidic residues on S1 and S2 and 
with lipid negatively charged phosphodiester 
groups facilitated the transition. Relative to the 
activated state, the resting state had fewer intra- 
VSD salt bridges but more S4-phosphate inter- 
actions (fig. S2). Our findings are consistent with 
VSD-phosphodiester group interactions being func- 
tionally critical, whereas anionic lipids are modu- 
latory, perhaps by interacting with gating charges 
or the T1 domain (/7, 27). 

In line with experimental gating-charge val- 
ues of 12 to 14 elementary charges (e) (28), the 
complete transition into the fully relaxed state— 
all four VSDs “down” with all the gating-charge 
residues (R2 to R4) inward of Phe***—yielded a 
calculated gating charge of 13.3 + 0.4 e (Fig. 1D 
and table S1). This VSD gating charge was solely 
accounted for by the ~15 A translation of the S4 
helices through an electric field, focused over 
~15 A, that we found to be similar in activated 
and resting VSD conformations (Fig. 1D and fig. 
S3). Our data indicate that limited motion of a 
single VSD (S4) toward the resting state suffices 
to close the pore. Charge displacements tied to 
early S4 motion—typically ~1 to 7 e with at least 
one R4 inward of Phe’? (table S1)}—preceded 
pore closure, yet the pore always closed before all 
four VSDs were fully down. Experimentally, it is 
known that ~25% charge displacement suffices 
to close the channel (29). 

Initial S4 inward motion disrupted the extra- 
cellular VSD-pore domain interface, resulting in 
domain separation: ~14 A for Tl” and ~5 A for 
T1", measured as the R1(Q)—Ala351 distance par- 
allel to the membrane plane. VSD-pore separa- 
tion contributed to a whole-protein root mean 
square deviation (RMSD) of >14 A (C,, atoms, 
relative to the x-ray structure) for the Tl rest- 
ing state and ~9 A for that of T1* (Fig. 1E); the 
linker between the T1 domain and the VSD—an 
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additional constraint not present in Tl —serves 
to reduce T1* VSD mobility within the membrane 
plane (movies S5 and S6). By contrast, the tetra- 
meric pore domain exhibited, relative to the open- 
state crystal structure, only a modest, ~3 A RMSD 
increase, due to pore closure at ~20 to 30 us. Trans- 
lation of S4 alone, or as the main moving part of 
the S3b to S4 paddle, resulted in large, >10 A 
RMSDs for S4 relative to the mostly stationary 
S1 to S3a helices (RMSD <3 A). 

Additional simulations revealed the major 
steps of channel activation (simulations 10 to 14) 
(table S1). We studied the first step of the resting- 
to-activated transition by subjecting the compu- 
tationally determined T1" resting state, obtained 
above (simulation 9), to depolarizing voltages. 
Experimentally, T1* channels activate faster than 
Tl deletion mutant channels (/6), presumably 
due to restraint of VSD mobility by the T1 domain. 

Upon depolarization, helix S4 immediately 
moved ~5 to 10 A outward, transferring ~50% of 
the total gating charge in ~75 us (Fig. 2, A and B). 
Initially, gating-charge transfer is fast because most 


Early Deactivation: Dewetting & Gate Closure 
¥ Dehydrated 


Hydrated 


Cavity water molecules 


salt bridges between S4 and the rest of the VSD 
are disrupted in the resting state; as S4 moved 
outward, these salt bridges began transiently to re- 
form, leading to a gradual slowing of S4 motion 
and gating-charge transfer. As S4 movement neared 
completion, the VSDs reapproached the acti- 
vated state, with RMSDs of ~3 A and ~4 A for S1 
to S3a and S3b to S4 in the VSD returning closest 
to the crystal structure (Fig. 2A and movie S7). 
Experimentally, gating-charge transfer must be 
complete, in all four subunits, for the pore to open 
(8, 28). In line with these experimental observations, 
full S4 outward movement (and gating-charge 
transfer) in one or two VSDs was insufficient to 
open the pore in our simulations (table S1). 

We simulated the second, and perhaps most 
enigmatic (6, 7, 13), activation step—the final 
cooperative transition (30, 3/) to the open state— 
by starting from a computationally determined 
Tl configuration in which all VSDs, save one, 
were “up” (S4 helices fully outward, as in the 
activated state) but for which the pore remained 
fully or partially closed. [The partially closed pore 


z-position relative to Phe233 (A) 
3S 


cavity contains ~20 water molecules (table S1, 
simulations 10 to 12, and fig. S4); the fully closed 
state resembles that observed in NayAb (32)]. 
These simulations, at depolarizing voltages, led 
to a fully activated and conducting state within a 
few tens of microseconds (Fig. 2, C to H). 
Experiments have shown that a single, coop- 
erative transition precedes conduction; this final 
transition, which contributes only ~5% of total 
gating charge, occurs after all VSDs have moved 
fully up (8). In our simulations, little or no addi- 
tional gating-charge transfer occurred after the 
final outward motion of the S4 helix brought the 
S4-S5 linker into a tense conformation (table S1). 
This final motion perturbed the packing between 
the S4-SS linker and the pore domain S6 helix, lead- 
ing to packing fluctuations, as shown by the linker- 
S6 interaction energies (Fig. 2, F and G). This 
weakened and fluctuating packing enabled par- 
tial pore opening and rapid partial rehydration— 
water molecules reentered the pore cavity in less 
than 1 us—allowing subsequent K* entry and 
initial slow, outward conduction (Fig. 2, C to E). 


Late Deactivation: S4 Motion & Gating Charge Transfer 


-10 
-20 
23 ys R4 39 ys R3 (So) 60 ps R2 78 us 
[Law l jill) ap rane ert Ll Ll (rome (Ce oe i Activated 1 gee 1 peda 1! 1 Saif Resting 1 
i) 4 ; 1 ; ; ; ; tf 
0 20 40 60 20 40 60 80 100 120 0 20 30 40 50 60 70 80 
Time (ps) Time (ps) 
Cc D a T T TT TTT _7_T_]—_t T]TT-7-T7T_T T_T J E Ls {5 TT 
i T1- VSDs Lt q Lx 4 q i entire protein 7 
: L Depolarized a eee 8, al petite BI /@ ha Fiala Wd 
=z cs id } Soal Resting 5 167 / Bae | we f"\ 4 
L{ (= S06 4 \ (BIA ] 1 
®@ 2- - zs) = L \ ° \ 4 
8 EL Gating 204 qT] \e~ a 
2 8 yl Charge 21. iJ jai, eer Lae 
a rat ah =z (h 
S Bk 13.320.4e & , a 1 
p=] = < ir a 4 
g 8 6 . 20 “0 7 10 20 7 2 [ VSD paddle | 
C= 2 rf ay 2 4 mM, a 
: S gL Z-position relative to Phe233 (A) | x gb AV (S3b-S4) be 
2 ca i: 
2 > T1* enti | 
= 610 a ee = entire protein 
g @ T1 vsDs T1- vsDs | (tetramer) 
fo” z r simulation 5 simulation 6 Tit vsp, 7 4 
; L * i | 4 
‘ s) = simulation 9 op Pore 
Pr 7 VSD core domain | 
14°F Hyperpolarized Sa helices only 7 (S1-S3a) 
-20 ! l ! 1 i l {ina FR RR VC ey WO eh ey I a ee a ee ee ee ee ee eee 14 
0 -90 -180 0) 20 40 60 80 100 120 140 160 180 200 220 240 260 0 20 40 60 80 100 120 140 240 
S4 rotation around helix axis (°) Time (ps) Time (ys) 


Fig. 1. VSD motion during gating. (A) Intracellular views of activated (+V, 
conducting) and resting (-V, nonconducting) states; dashed lines separate two 
subunits each of T1” and T1* resting states. Decrease in pore cavity water 
molecules (red/blue graph; initially ~40) indicates dewetting and pore hydro- 
phobic closure after ~20 us at —V. Magnified views: water-filled and empty 
(closed) cavities; PVP (hydrophobic constriction) motif is purple. Increase of the 
R1(Q)—Ala?>* distance (arrows) explains lack of resting-state interdomain cross- 
linking (47); both states are compatible with Shaker tryptophan tolerance 
mutagenesis data (48) (see fig. 53). (B) Sequential inward movement of the 
VSD S4 gating-charge residues; colored traces track R2 to K5 C,, positions. R2 
translates ~15 A (T17: 15.4 + 2.5 A, simulations 5 and 6; T1*: 14.3 + 0.9 A, 
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simulation 9), in agreement with KvAP (11, 41) and Shaker (42) accessibility 
data and resting state-specific cross-linking of Shaker Ile2?° ($2) and R1(Q) 
(49). (C) Local $4 helix rotation of R2 to R4 (simulations 5, 6, and 9). (D) VSD 
gating-charge displacements, Q(t) = 5; q; [flz1) — f(zo)]. fz) is the trans- 
membrane fractional potential drop [colored background in (B)]. Z;+ is the z 
position of VSD atom j at time t, q;, partial charge. The total gating charge, 
13.3 + 0.4 e, was estimated as the difference between the final displacements 
at +V and —V. (Inset) Fractional potential drop across the VSD (18) and gating- 
charge residue z positions. (E) C,, RMSDs for the entire channel (T1” and T1*), 
the pore domain, and a single VSD decomposed into S1 to $3a (loops omitted), 
53b to $4, and $4 alone. (Inset) Schematic of the full channel. 
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The partially open, partially hydrated, and slow- 
ly conducting pore persisted for a few micro- 
seconds before reaching the fully conducting state 
(Fig. 2, C and E). The presence of ions in the 
cavity, which subsequently were driven outward 
through the selectivity filter (SF) by the depolar- 
izing voltage, further increased pore rehydration 
(Fig. 2, C and D). As the hydrostatic pressure 
within the cavity thereby increased, the lower gate, 
at the pore Pro-Val-Pro (PVP) motif, fully opened, 
with the Leu**! (S5) and Pro“® (S6) side chains 
interchanging positions (2/). This interchange 
caused S6 to kink at the PVP motif, widening 
the cavity and allowing it to finally become fully 
hydrated (Fig. 2C). Concurrent opening of the 
upper (hydrophobic) gate, at Ne"? (Fig. 2H), en- 
abled SF site S5 to become populated with K*, 
thus increasing the cavity ion occupancy by one 
(Fig. 2, D and E). K* presence in S5 allowed 


Deactivation & Early Activation: Gating Charge Transfer 


formation of the critical knock-on conduction 
mechanism intermediate [S5,(S4,S2)] (Fig. 2E) 
(21), causing the channel to assume a fully con- 
ducting state (20.7 + 2.7 pA) (Fig. 2, C and E). 
Early conduction occasionally slowed as Leu**! 
and Pro“® transiently back-interchanged; after 
the final Leu**'/Pro*® interchange took place, 
however, S6 and the S4-S5 linker settled into a 
closely packed configuration that stabilized the 
open pore, and thus the activated, conducting state 
(Fig. 2, C, F, and G). 

Interaction of the S4-S5 linker and helix S6 is 
central to gating. In Ky1.5, for instance, pairs 
of interacting linker and C-terminal S6 residues 
have been identified (33). Mapped onto Ky1.2, 
these interactions are between residues Ile*!° and 

La (linker) and Asn‘!?, Phe*!?, Phe*!®, and 
yril7 (S6). These pairs, and linker residue Ala23, 
a stand out in residue contact maps (Fig. 2G), 
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highlighting linker-S6 interaction as central to ac- 
tivation. Substitution of the Ky2.1 linker and S6 
C terminus into Ky 1.5, moreover, has been shown 
to confer Ky2.1 activation and deactivation ki- 
netics to this Ky1.5 chimera, while preserving 
Ky1.5 voltage dependency (33). This and similar 
findings (34) suggest, in line with our results, that 
the linker and S6 C terminus together ultimately 
gover pore gating, irrespective of the details of 
the VSD structural machinery that moves up or 
down during voltage sensing. 

We propose a mechanistic model for voltage 
gating (Fig. 3) that integrates our analysis of 
atomic-level observations of both the activated- 
to-resting-state transition and key steps of the 
resting-to-activated-state transition (table S1). Our 
model incorporates Hodgkin and Huxley’s obser- 
vations (/) that voltage-gated K* channel opening 
requires the motion of four independent membrane- 


Late Activation: Gate Opening & Conduction 


c?) 


+ 
simulation 14 


a 
5 


f=} 
So 


Lower gate 
opening 


| \ 
Gating charge displacement 
| 


° 


i) 


T1* vsDs 
simulation 9 


~ 


o 


o 


T1* VsDs 
simulation 13 


Cumulative K* permeation events | Interchange angle (°) 
a 
Oo 


Early K* ion ‘permeation I ' 


Leu331-Pro405 interchange 
Z(Leu331 C,, Pro405 C,, Val406 C,) 


Conduction 
pause 


Cumulative K* 
permeation events 


Cavity water molecules 


T1* VSDs 


simulation 14 Cavity it (i 


occupancy _ 


Individual ™:. 


Downloaded from www.sciencemag.org on April 12, 2012 


<2 sft Sohdwnkeskei ied Saints tnsslen-t chk 


ma See 


Cumulative charge displacement (e) 
R 


ro) 
Ts Traunesann|e(Sa | cuuet le | ec [is Sa |e oe 


Hyperpolarized 
\ 
L 1 | 


100 


200 
Time (us) 


300 


S4-S5 linker/S6 helix contacts 


Upper gate opening 
— 


(ocd 


t lle402 


B 
T 


y displacement (A) 
° 


| [+ 0-0.5ys | 
*1-3.0ps | 
+5-10us} 

aa fT 


si 


G 


0-05ys 1-3 ys 5-10 pus 


Contacts 
— NO w 
di 
Oo 


Interaction energy (kcal/mol) 
I 
wm 
=) 


S6 residue 


2-8-4 
x displacement (A) 


Fig. 2. Key steps of voltage-gated K* channel activation. (A and B) De- 
activation (red), then early activation (blue; first ~120 us). Paddle C, RMSD 
relative to the initial structure, inward and outward $4 gating-charge residue 
-charge transfer. (C to H) Late activation (final 
~10 us, after essentially complete gating-charge transfer). (C) Pore cavity 


movement, and total gating 


12 


315 320 315 
S4-S5 linker residue 


www.sciencemag.org SCIENCE VOL 336 


OF Res atagnanN DN EM 


Jon pees atbedy Leal auipbodece phemteaiy: 


S4-S5 linker/S6 helix interaction energies 


Electrostatic 


Lennard-Jones 


4 6 
Time (ps) 


rewetting, Leu??? (S5)—Pro*°> (56) side-chain interchange, and cumulative 
outward K* permeation events. [(D) and (E)] K* population of pore cavity and 
SF. (F) S4-S5 linker/S6 interaction energies. (Insets) S5 and S6 (ribbons), S4-S5 
linker (spheres), and S6 (surface) before and after repacking. (G) $4-S5 linker/S6 
contacts. (H) Upper gate (Ile*°2/SF site $5) lateral opening. 


13 APRIL 2012 


231 


REPORTS 


232 


bound charged particles, whereas channel closing 
requires the motion of only one. 

Beginning with the activated state (Fig. 3, 
state 1), ion depletion, hydrophobic dewetting, 
and closure of the pore cavity, with concurrent 
early gating-charge inward movement, halt ionic 
conduction. Subsequent full VSD relaxation— 
inward S4 translation by ~15 A relative to a 
largely rigid S1 to S3a VSD core coupled with 
~120° S4 rotation that keeps the gating-charge 
residues pointed toward the VSD lumens, and 
lateral VSD-—pore loosening due to VSD rotation 
and translation relative to the pore—permits the 
pore to remain closed (Fig. 3, state 4). Translation 
of S4 gating-charge residues accounts for the 
gating charge. Channel activation reverses these 
steps. The key difference is that all four VSDs 
must be up before the closed pore can reopen; a 
fully outward S4 perturbs the S4-S5 linker/S6 
packing, thereby allowing water, and hence ion, 
reentry and subsequent conduction, stabilized by 
linker/S6 repacking. 

Our observed gating mechanism and resting- 
state structure may help reconcile the many ap- 
parently conflicting measures of voltage-gated 
K* channel conformation. Given natural sequence 
variability in functionally critical regions (S3b-S4 
paddle and the interacting S4-S5 linker and S6), 
certain details of gating likely vary between chan- 
nels, including between wild-type Ky 1.2 and the 
Ky1.2/Ky2.1 chimera that we used in our simu- 
lations. Yet, the fact that the S3b-S4 paddle can 
be swapped between channels to yield chimeras 
that retain voltage-gating function (35, 36) sug- 
gests that the key mechanistic aspects are broad- 
ly shared across the voltage-gated ion channel 
superfamily. 

Our results suggest that channel opening and 
closing are energetically asymmetric processes. 
Because the intrinsically most stable state of the 
pore in isolation is dewetted and closed (2/, 23), due 
to the hydrophobic lining of the pore cavity (2/), S4 
need not actively push the S4-S5 linker down to 
close the pore. Channel activation does, however, 
require depolarization-driven work—the forcing of 
S4 back across the membrane—to ultimately pull 
the S4-S5 linker tight, which perturbs its interac- 
tion with S6, leading to pore opening. Only when all 
gating-charge residues and S4-S5 linkers are fully 
up does the closed pore become sufficiently desta- 
bilized that fluctuations of the lower gate, through 
perturbed linker-S6 packing, allow partial and 
then—as the last conformational transition during 
activation—complete cavity rewetting (Figs. 2 and 
3). The S4-S5 linker is tense in the activated state 
but relaxed in the resting state, perhaps explain- 
ing conservation of linker length: A shorter linker 
would inhibit channel closing, because S4 could 
not translate inward far enough, and a longer linker 
would inhibit opening, because even full S4 out- 
ward translation could not lead to an effective pull 
on the pore through the linker. 

Our atomic-level computational determina- 
tion of a resting-state conformation may be useful 
in guiding the development of drugs to treat those 


human channelopathies associated with the rest- 
ing state (37). VSDs normally are impermeable 
to ions, but certain inherited S4 gating-charge mu- 
tations permit abnormal cation conduction through 
resting state omega pores (38), leading to, for 
example, cardiac long-QT syndromes, various 


Fig. 3. Mechanistic model for voltage 
gating. Subjecting the activated state 
(1) to hyperpolarizing voltage initiates 
S4 inward movement and VSD-pore 
loosening. lon depletion of the pore 
cavity (2)—coupled to inward motion 
of a single $4—leads to pore hydro- 
phobic collapse. Closure of upper (Ile*°* 
in K,1.2) and lower gates [PVP motif; 
Leu>?* (55)—Pro*°> (S6) side-chain in- © 
terchange (21)] halts conduction (3). 
S4 continues inward; as $4 completes 
its inward motion, the S4-S5 linker helix 
moves fully down and the VSDs loosen 
from the pore, consolidating the 
resting state (4). Subjecting the rest- 
ing state to depolarizing voltage drives 
S4 outward. When all four $4 and $4- 
S5 linker helices are fully up (5) and 
all VSDs repack against the pore, the 
lower gate becomes destabilized; the 
4 — 5 transition constitutes the rate- 
limiting step in the activation process. 
Lower gate fluctuation triggers pore 


opening and partial pore rehydration (water molecules co- 
operatively enter the cavity) that allow ion entry and initial 
outward conduction (6); the 5 — 6 transition is essentially 
voltage-independent. The presence of ions drives complete 
pore rehydration that pushes fully open the upper and lower 
gates, returning the channel to the activated state (1). The 
lateral position of the VSDs (circles) relative to the pore 


paralyses, and migraine (37, 39, 40). VSD resi- 
dues accessible from the intracellular and extra- 
cellular sides (41, 42) and residues thought to line 
the omega pore (43) map well onto our resting- 
state conformation (Fig. 4A). This resting-state 
VSD should thus exhibit omega currents, once an 
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Fig. 4. The omega pore. (A and C) Resting-state conformations of chimera and R2Ser mutant VSDs. 
Spheres in (A) mark residues accessible to chemical modification from the extracellular (yellow) and 
intracellular (purple) sides in the resting state (42), consistent with ~15 A S4 inward motion (Fig. 2A). (B) 
Water and K* (R2Ser) densities (arbitrary units). The R2Ser mutation increases hydration at Phe*>? by 
~50%, facilitating K* permeation. The ion permeation pathway (the omega pore) in the R2Ser mutant is 
shown as a gray mesh in (C). The green surface and spheres indicate predominant K* sites and actual 
positions from a single permeation event; the blue surfaces represent VSD hydration. 
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S4 gating-charge residue is appropriately mutated 
to a smaller, polar, uncharged residue (37, 44, 45). 
Such mutation of Shaker R1 to histidine or serine 
permits H* or alkali cation and guanidinium cur- 
rents (38, 46). 

We introduced an R2Ser mutation (37) into 
the resting-state conformation (R2 to R4 down) 
(18, 38). The mutant VSD exhibited significant 
inward K* current (no Cl current) (movie S8, 
table S2, and fig. S5). This current arises because 
apposition of Phe*** with the mutated residue, 
which lacks the large, positive guanidinium group 
of the gating-charge residues, leads to increased 
hydration of the VSD hydrophobic constriction 
and thereby permits permeation of cations (Fig. 4, 
B and C). Depolarization halted the current and 
transferred ~2 e of gating charge (table S2). 

The transition into the resting state, as well as 
the conformation of the state itself, demonstrates 
that the VSD omega and gating-permeation path- 
ways are one and the same. Mutation of gating- 
charge residues enables pathological cation leaks 
through the VSD along the identical pathway 
taken by the physiological gating-charge guani- 
dinium groups. We thus provide a structural ex- 
planation for hyperpolarization-induced (as well 
as depolarization-induced) cationic leak currents 
associated with channelopathies in certain human 
voltage-gated ion channels. 
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Ribosome Profiling Shows That 
miR-430 Reduces Translation Before 
Causing mRNA Decay in Zebrafish 


Ariel A. Bazzini,?* Miler T. Lee,?* Antonio J. Giraldez*?+ 


MicroRNAs regulate gene expression through deadenylation, repression, and messenger RNA 
(mRNA) decay. However, the contribution of each mechanism in non-steady-state situations 
remains unclear. We monitored the impact of miR-430 on ribosome occupancy of endogenous 
mRNAs in wild-type and dicer mutant zebrafish embryos and found that miR-430 reduces the 
number of ribosomes on target mRNAs before causing mRNA decay. Translational repression occurs 
before complete deadenylation, and disrupting deadenylation with use of an internal polyadenylate 
tail did not block target repression. Lastly, we observed that ribosome density along the length 

of the message remains constant, suggesting that translational repression occurs by reducing 
the rate of initiation rather than affecting elongation or causing ribosomal drop-off. These 
results show that miR-430 regulates translation initiation before inducing mRNA decay during 


zebrafish development. 


icroORNAs (miRNAs) control multi- 
M« processes, including development, 
physiology, and disease. These ~22- 
nucleotide (nt) RNAs regulate gene expression 


through translational repression and mRNA de- 
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adenylation and decay. The contribution and 
timing of these effects remain unclear (/, 2). Al- 
though some studies show translational repres- 
sion without mRNA decay (3—7), others point 
to decay as a primary effect (8—//). Ribosome- 


profiling experiments, which quantify the num- 
ber of ribosomes bound to a message (/2), and 
polysome profiling (/3) have suggested that the 
main effect of miRNAs is to accelerate decay, 
with only a minor (8) or moderate (73) contribu- 
tion from translational repression. This disparity 
may stem from the steady-state conditions used 
to assess the molecular effects of miRNAs, result- 
ing in insufficient temporal resolution to identify 
the first step in miRNA-mediated repression (2). 

To dissect the temporal effects of miRNA- 
mediated regulation and to distinguish between 
translational repression and mRNA decay, we have 
analyzed the ribosome profiles and RNA levels 
of endogenous messages in zebrafish embryos 
(fig. S1) (74). At the onset of zygotic transcrip- 
tion, zebrafish express a predominant miRNA 
(miR-430) that facilitates clearance of maternal 
mRNAs (/5, /6) (Fig. 1, A and B). By com- 
paring the ribosome profile of wild-type embryos 
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with maternal and zygotic dicer mutants (MZdicer) 
before [2 hours postfertilization (hpf)] and after 
(4 and 6 hpf) miR-430 expression (fig. S1), we 
can analyze the dynamics of translational repres- 
sion and mRNA decay in vivo. We sequenced 54 
million reads generated by ribosome profiling, 
which predominately map to ribosomes, tRNAs, 
and coding sequences (CDS) compared with un- 
translated regions (UTRs), and 59 million reads 
generated by polyadenylated [poly(A)’] selection 
(input RNA), which map equally to CDS and 
UTRs (Fig. 1C, table S1, and figs. S1 and S82). 
We focused our analysis on 4476 genes that are 
present and translated at 2 hpf before miR-430 
is expressed (=15 reads per kilobase, per million 
reads, RPKM) (fig. S2). 

We reasoned that, if mRNA decay is the main 
effect of miR-430 on their targets, a reduction in 
ribosome-protected fragments (RPFs) should par- 
allel the loss of input reads. Alternatively, if trans- 
lation repression precedes decay, RPF loss should 
precede loss of input (fig. S1). Before miR-430 is 
expressed (2 hpf), we found no significant reduc- 
tion of either RPFs or mRNA in wild-type com- 
pared to MZdicer embryos for known miR-430 


MZdicer || wild type 


" sone 


+ | miR-430 
targets 


Wt vs MZdicer A RPF 0 


targets (/5) or nontargets (Figs. 1D and 2A). At 
4 hpf, once miR-430 is expressed, we observed a 
significant decrease in RPF number for miR-430 
targets in wild type compared with MZdicer 
(P= 1.3 x 104, Wilcoxon rank-sum test), with- 
out a corresponding decrease in mRNA (Figs. 1E 
and 2A). Thus, translation repression by miR-430 
is occurring independent of RNA decay. How- 
ever, at 6 hpf, we observed a significant reduction 
in the number of RPFs that coincided with a re- 
duction in input reads (P< 1 x 10“), suggesting 
that, by 6 hpf, miR-430 targets have undergone 
mRNA decay with a mild contribution from addi- 
tional translational repression (Figs. 1F and 2A). 
These results show that, for targets experimentally 
identified by their miR-430-dependent decay (/5), 
translation repression occurs before the decay. 
To determine the predominant effect of miR- 
430-mediated regulation independent of these 
experimentally identified targets, we asked wheth- 
er translational repression or mRNA decay is (i) 
more associated with miRNA target sites and 
(ii) better correlated with miRNA seed strength. 
First, we found that miR-430 target sites are 
enriched in both transcripts with lower RPF at 


4 hpf (P = 1.6 x 10° for septamers, Fisher’s 
exact test) and transcripts with lower input at 
6 hpf (P = 8.9 x 10 *') in wild type compared 
with MZdicer, but not those with lower input at 
4 hpf (P > 0.33) (figs. S3 and $4). Second, when 
we identified all putative miR-430 targets that 
contain 3‘UTR and CDS seed matches, the level 
of regulation followed the order of seed strength 
(multiple sites > octamer > septamer > hexamer) 
for both translational repression at 4 hpf (P= 1.2 x 
10 °°, Kruskal-Wallis) and mRNA decay at 6 hpf 
(P = 2.0 x 10°'°) (Fig. 2, B and C, and figs. $5 
and S6). Further analysis confirmed that targets 
that are first translationally repressed predom- 
inantly coincide with those that undergo mRNA 
decay later, suggesting that most targets undergo 
both regulatory effects (Fig. 3A). These mRNAs 
correspond to the most strongly regulated targets 
(P = 5.0 x 107'°, Kruskal-Wallis) (Fig. 3B), are 
the most significantly enriched for miR-430 tar- 
get sites (P< 2.2 x 10°'°, x? test, 4 df) (Fig. 3C), 
and are correlated with various 3'UTR sequence 
characteristics (fig. S8). 

It has been postulated that loss of the poly(A) 
tail may be the underlying cause of miRNA- 
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Fig. 1. Temporal analysis of miR-430—mediated translational repression in 
zebrafish. (A) In situ hybridization (purple) for the miR-430 target gene sod1 
in wild-type and MZdicer embryos at 2, 4, and 6 hpf. Decay of the target is 
observed at 6 hpf in a miRNA-dependent manner. (B) Northern blot showing 
miR-430 expression in wild type and MZdicer. (C) RPF and input reads 
mapped to a composite transcript. RPFs mainly map to the CDS. Input reads 
map to both the UTRs and CDS. (D to F) Biplots show log,-fold RPKM 


differences of RPFs (y axis) and mRNA (x axis) between wild type and MZdicer 
at 2 (D), 4 (E), and 6 (F) hpf. Known miR-430 targets are in red (15), non- 
targets lacking miR-430 seeds in gray. Mean values per group are indicated 
as lines. Mean difference between targets and nontargets are as follows: (E) 
RPF 2.26-fold, P = 1.3 x 10°** RNA, 1.05-fold, P = 0.12; (F) RPF 4.6-fold, P = 
1.5 x 10°**; RNA 3.1-fold, P = 8.1 x 10°", by two-sided Wilcoxon rank 
sum test. 


13 APRIL 2012 VOL 336 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on April 12, 2012 


mediated repression (/, 2, 15, 17, 18). Because 
the input was poly(A)*-selected, lower mRNA 
levels for miR-430 targets at 6 hpf could arise 
from mRNA deadenylation or decay (/4) (fig S3). 
Conversely, the similar mRNA levels at 4 hpf 
between wild type and MZdicer suggest that full 
deadenylation has not occurred by the onset of 
translational repression. To analyze the dynamics 
of deadenylation of individual endogenous mRNAs, 
we first combined poly(A) tail analysis with high- 
resolution gel electrophoresis (Fig. 4A and fig. 
S9). We found that the endogenous miR-430 tar- 
get rhotekin2 (repressed ~80% in wild type) is 
fully deadenylated by 6 hpf but is still polyade- 
nylated at 4 hpf in wild type and MZdicer (albeit 


Fig. 2. miR-430 induces translation repression before RNA 


slightly shorter in wild-type embryos). There was 
no difference in poly(A) tail length at 2 hpf, be- 
fore miR-430 is expressed, nor for a nontarget 
between wild type and MZdicer (Fig. 4B and fig. 
S10). Second, when we analyzed adipor1a, which 
undergoes translational repression at 4 and 6 hpf 
without decay, we found no apparent deadenyl- 
ation by 6 hpf (fig. S10). Although these results 
indicate that loss of RPFs occur before complete 
deadenylation, they cannot exclude that initial 
deadenylation might be responsible for the trans- 
lational repression observed. Next, to determine 
whether repression requires deadenylation, we dis- 
rupted deadenylation of a green fluorescent pro- 
tein (GFP)-zgc:63829-3'UTR reporter mRNA by 


2hpf 


Ahpt 


REPORTS 


using an internal poly(A) tail followed by 10C 
(AggC 10) (19, 20) and compared repression of this 
reporter with one containing a polyadenylation 
signal (Fig. 4, C and D). We observed repres- 
sion of both reporters compared with versions 
where the miR-430 site was mutated GCACTT 
to GGTCTT, even when deadenylation was re- 
duced (Fig. 4C). These results indicate that trans- 
lational repression by miR-430 observed at 4 hpf 
occurs before and independently of complete 
deadenylation. 

miRNAs have been proposed to influence 
protein translation by either reducing the rate of 
translation initiation, reducing elongation, or ac- 
celerating ribosome drop-off (/, 2, 78). Ribosome 
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decay. (A) Cumulative distributions of mRNA, RPF, and trans- 
lation efficiency differences (A) between wild type and MZdicer 
for known miR-430 targets (red), all genes with 3’UTR miR-430 
seed sites (blue), and nontargets (gray), with number of genes 
in parentheses. P values for rank-sum tests are shown for non- 
targets versus known targets (red) and versus all predicted 
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significant enrichment in miR-430 target seeds (*P < 
0.05, Fisher's exact test). See table $2 for counts. 
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Fig. 4. Poly(A) length and ribosome distribution. (A and B) Single nucleotide 
resolution electrophoresis for poly(A) length for a target (A) and nontarget (B) 
in wild type and MZdicer (14). Ag represents the polyadenylation site confirmed 
by DNA sequencing (fig. $9). (C) GFP expression (green) from an injected 
miR-430 reporter mRNA containing the 3’UTR for zgc:63829 with wild-type 
(wt-UTR) or mutated (mut-UTR) miR-430 sites. The 3’UTRs are followed by an 
internal poly(A) tail (AggCio) or a polyadenylation signal. Expression of a co- 
injected dsRed control mRNA is shown in red. Note the repression of the wild- 
type reporter compared to the mutant reporter when an internal poly(A) tail is 
used. (D) Gel electrophoresis of a PCR to determine the length of the poly(A) 
tail (ending in A, top) and AggC19 (bottom). Note the polyadenylation by 2 hpf 
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and deadenylation by 6 hpf, but deadenylation of the mRNA with the internal 
poly(A) tail (AggCio) is delayed. Deadenylated product size is shown (Ag). (E) 
Two models for translational repression are shown: reducing translation ini- 
tiation (left) or causing ribosome drop-off and slower elongation rate (right). 
(F) Plot showing relative RPF read density (top) and mRNA density (bottom) 
along the length of miR-430 targets (red) undergoing >1.5-fold translation 
repression at 4 hpf and those for nontargets (gray). Points show mean + SEM 
logz-fold differences between wild-type and MZdicer expression in 50-nt bins 
spanning the first and last 1000 nts of the genes (23). Bins represent 41 > N> 
277 genes for targets, 107 > N > 906 genes for nontargets. Bin values do not 
significantly differ (P = 0.53, Friedman rank sum test). 


profiling allows us to quantify ribosome position 
by examining the RPF distribution along the length 
of the message. If miR-430 functions primarily by 
reducing translation initiation, then we would ex- 
pect lower ribosome occupancy but uniform density 
along repressed messages. In contrast, if miR-430 
causes ribosomal drop-off or reduced translation 
elongation with the same initiation rate, we would 
expect a graded distribution of ribosomes, with 
fewer RPFs in the 3’ end than the 5’ end (Fig. 4E). 
When we aggregated the reads of miR-430 targets 
translationally repressed at 4 hpf,; we found uni- 
form loss of RPF density along the length of the 
target mRNAs, suggesting that miR-430 inhibits 
translation initiation (Fig. 4F). 

We show that miR-430 first induces trans- 
lational repression by reducing the rate of trans- 
lation initiation and then induces mRNA decay 
through deadenylation (fig. S11). Our results rec- 
oncile observations in vitro (6, 7, 2/—23), which 
typically used short time courses and observed 
repression before deadenylation, with observa- 
tions in vivo (S—11, 24), which are carried out 
over longer time scales after perturbing miRNA 
function, where the strongest effect appears to be 
deadenylation and decay. Most of the miR-430— 
regulated genes undergo translational repression 
followed by decay. A small group of targets appear 


to be primarily regulated only at the level of trans- 
lation; however, because of the limited number of 
time points analyzed, it is possible that those targets 
could undergo decay at later time points (/5). 
Previously, several laboratories, including 
ours, identified deadenylation as a main effect 
of miRNA-mediated regulation (75, 17, 24, 25), 
leading to our initial hypothesis that complete 
deadenylation (at 6 hpf) disrupts the interaction 
between the poly(A)-binding protein and the cap 
through eukaryotic translation initiation factor 
4y, thus reducing translation of the message 
(15, 18). Although it is clear that deadenylation 
contributes to the rate of decay and overall level 
of repression, our findings show that, in the case 
of miR-430, initial repression can occur before 
complete deadenylation and that reducing dead- 
enylation does not block translational repres- 
sion. These data align with the observation that 
miRNAs can induce repression in transcripts that 
lack a poly(A) but include instead a histone tail or 
a self-cleaving ribozyme (/7, 24). Recent studies 
have reported that the CCR4-NOT complex is re- 
cruited by GW182/TNRC6 to target mRNAs 
(26-28) and can repress translation independent 
of its deadenylase activity (26—29). Furthermore, 
it appears that GW182 has two distinct domains 
that are independently required to elicit repres- 


sion and deadenylation (/9, 20). These results 
suggest that repression can occur independent of 
deadenylation in vivo and that miRNAs trigger 
these two mechanisms in parallel to ensure max- 
imum target mRNA repression and decay. Yet, 
the degree by which each mechanism regulates 
different genes may vary depending on the 3‘UTR 
context [as shown in Caenorhabditis elegans (30)], 
the miRNA, or even the cell type. 
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miRNA-Mediated Gene Silencing 
by Translational Repression Followed 
by mRNA Deadenylation and Decay 


Sergej Djuranovic, Ali Nahvi, Rachel Green* 


microRNAs (miRNAs) regulate gene expression through translational repression and/or messenger 
RNA (mRNA) deadenylation and decay. Because translation, deadenylation, and decay are 
closely linked processes, it is important to establish their ordering and thus to define the molecular 
mechanism of silencing. We have investigated the kinetics of these events in miRNA-mediated 
gene silencing by using a Drosophila S2 cell-based controllable expression system and show that 
mRNAs with both natural and engineered 3’ untranslated regions with miRNA target sites are 
first subject to translational inhibition, followed by effects on deadenylation and decay. We next 
used a natural translational elongation stall to show that miRNA-mediated silencing inhibits 
translation at an early step, potentially translation initiation. 


icroORNAs (miRNAs) are short en- 

dogenous RNAs that regulate protein 
expression from targeted genes by pairing to 
sites in the 3’ untranslated region (3’UTR) (J). 
Although some studies showed a strong corre- 
lation between the diminution of protein and 
mRNA levels of miRNA-targeted genes (2-6), other 


synthetic bantam target 


A B 

60 100 
E : 
5 3 80 
u 40 - 
8 § 60 
5 & 40 
om 20 
wv 
a 

0 0 


con 


studies showed that miRNAs principally affect 
protein expression of miRNA-targeted genes with- 
out obvious effects on mRNA abundance (7—/0). 
By simultaneously measuring translational effi- 
ciencies (thus indirectly levels of protein synthe- 
sis) and mRNA abundance, global analyses have 
shown evidence of significant mRNA destabili- 
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zation and translational repression (//, /2). Be- 
cause only slightly more translational repression 
is observed than mRNA destabilization, it is pos- 
sible that most of the loss in protein synthesis 
could directly result from effects on mRNA sta- 
bility. Most of these studies have not, however, 
evaluated the kinetics of the miRNA-related cel- 
lular processes (5, 10, 13, 14). Exceptions include 
several analyses of in vitro systems that con- 
cluded that the effects of miRNAs on transla- 
tional repression precede effects on mRNA target 
deadenylation or decay (/5—17), but concerns 
remain that the in vitro reactions may not fully 
recapitulate the in vivo situation. 

We used an in vivo luciferase-based reporter 
system in Drosophila melanogaster S2 cells un- 
der the control of an inducible metallothionein 
promoter (Mtn) (/8). The reporter constructs con- 
sist of one of the luciferase reporter genes [Firefly 
(F-Luc) or Renilla (R-Luc)] fused at its 5’ end to 
the Mtn promoter and at its 3’ end to synthetic or 
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Fig. 1. Steady state evaluation of miRNA-mediated gene silencing using a copper-inducible in vivo reporter system. (A) 
Measured protein amounts (luminescence) from transfected nontargeted (NT), targeted (T), and control (con) constructs 


24 hours after induction. Additional expression of bantam miRNA, not Argonaute 1, results in increased repression for 
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synthetic bantam targeted constructs (fig. $1). (B to E) Ratios of steady-state protein amounts for synthetic and natural miRNA-targeted constructs 48 hours 
after induction. In each case, mean values + SD from three independent triplicate experiments are shown as a normalized ratio of protein amounts (NT/T). 
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natural 3'UTRs that contain miRNA binding sites 
responsive to either endogenously expressed 
(bantam and miR-279) or ectopically introduced 
miRNAs (miR-9b) (fig. $1); control constructs 
not subject to miRNA-mediated gene regulation 
are detailed in fig. S1. We first asked whether 
miRNA-mediated responsiveness is limited by en- 
dogenous components of the microRNA-induced 
silencing complex (miRISC) (Argonaute protein 
or miRNAs). By using a previously character- 
ized bantam-responsive synthetic construct and 
ectopically expressed additional miRISC compo- 
nents (bantam and Agol), we followed repres- 
sion levels of the target mRNAs 24 hours after 
induction (Fig. 1A) (79). The results indicate that 
Agol is not limiting for repression in Drosophila 
S2 cells, whereas bantam is limiting because greater 
repression was observed when it was overex- 
pressed (Fig. 1A). In the remaining experiments, 
we expressed additional amounts of endogenous- 
ly present miRNAs (bantam and miR-279) from 
plasmids under the constitutive actin promoter. 
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We next used a set of synthetic and natural 
3'UTRs with miRNA binding sites responding to 
either bantam or miR-9b and miR-279 and their 
corresponding controls (fig. S1 and tables S1 and 
S2). We chose natural (endogenous) 3’UTRs 
from hid and Vha68-/ and a pair of synthetic 
3'/UTR targets that contain six natural tandem 
sites for either bantam or miR-9b and miR-279 
miRNAs (/9, 20). After transfection and consti- 
tutive induction, luciferase expression levels were 
measured after 48 hours and normalized to assess 
the end-point effects of miRNA-mediated repres- 
sion (Fig. 1, B to E). The synthetic bantam 
3'UTR exhibited repression levels up to 80-fold 
when compared with the control (Fig. 1B); the 
reporter containing the 3’UTR of the hid gene 
with as many as eight miRNA binding sites ex- 
hibited ~ninefold repression (Fig. 1D) (/9). Ad- 
ditionally, both synthetic and natural (20) 3‘UTRs 
responding to ectopically expressed miR-9b and 
miR-279 exhibited strong repression 48 hours 
after induction (Fig. 1, C and E). The addition of 
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Fig. 2. Time-resolved progression of miRNA-mediated gene silencing es- 
tablishes that repression of protein synthesis precedes mRNA deadenylation 
and decay. (A to D) Normalized levels of protein amounts for both miRNA- 
targeted (T) and nontargeted (NT) constructs; normalized mRNA levels for 
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experiments. 


antagomirs to the cell cultures induced levels of 
derepression for the reporter constructs similar to 
those observed when comparing reporter protein 
expression from constructs with intact and altered 
miRNA binding sites (fig. S2). 

For regulated induction, transcriptional shut- 
off of the Mtn promoter was accomplished by 
using a specific copper chelator, bathocuproine 
disulphonate (BCS). Although BCS chelates any 
residual copper in the S2 cell medium, it does not 
penetrate the cell membrane and thus does not 
affect normal cellular homeostasis (2/). A 90-min 
pulse induction by copper (II) sulfate induced ex- 
pression of the various reporter constructs to lev- 
els that could be monitored over the subsequent 
48 hours. By using this optimized pulse-induction 
protocol (fig. S3), we determined how our reporter 
pairs with synthetic and natural 3'UTRs respond to 
miRNAs during an extended period of time. Nor- 
malized levels of luciferase luminescence for both 
miRNA~targeted and nontargeted constructs were 
used to assess miRNA-mediated gene silencing at 
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reporter genes from oligo(dT)25 resin precipitation or from total RNA 
presented as ratios of poly(A) and total mRNA, respectively. Each data point 
represents the mean value + 


SD calculated from three independent 
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the protein level. mRNA levels for reporter and 
control genes were determined by using quantita- 
tive reverse transcription polymerase chain reaction 
(qRT-PCR) from RNA samples isolated with oligo 
(dT)25 resin, as well as from total RNA. Both val- 
ues were normalized with respect to the parallel 
transfected control genes and were used to calculate 
repression ratios between miRNA-targeted and 
nontargeted constructs (Fig. 2). We emphasize that 
there is substantial mRNA degradation (for all re- 
porters) during the experiment (fig. $4), but here 
we are interested in the relative amount of decay of 
the targeted and nontargeted mRNAs. The results 
of the pulse-induction experiments were consistent 
and show that the repressive effects of miRNAs on 
synthesis of all four proteins precede any effects on 
mRNA deadenylation or decay (Fig. 2). 

These four examples include effects on pro- 
tein and mRNA levels that are both well cor- 
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Fig. 3. mRNA deadenylation is not required for miRNA-mediated trans- E 
lational repression. (A to D) Length of poly(A) tail was determined by using 
G/| tailing PCR-based amplification (materials and methods). Positions 
of overamplified products with or without (C) poly(A) tail are indicated. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA poly(A) tail 
length is shown as a control. M lane represents 100—base pair markers. (E) 
Time-resolved progression of miRNA-mediated gene silencing for histone H3 
constructs. Normalized levels of protein and mRNA amounts for miRNA- 
targeted (T) and nontargeted (NT) constructs are shown. Each data point 
represents an average value + SD from three independent experiments. 
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related and poorly correlated (5, /0-12, 19, 20). 
For reporters with natural 3’ UTRs, the repression 
effects on protein and mRNA levels are corre- 
lated at later (but not early) time points (Fig. 2, C 
and D), consistent with global studies on miRNA- 
mediated silencing (//, /2). For reporters with 
synthetic 3’'UTRs, the repression effects on protein 
and mRNA levels are uncorrelated at both early 
and late time points (Fig. 2, A and B) (5, 10, 79, 20). 
The differences in overall stability of the mRNAs 
likely reflect the complexity of RNA degrada- 
tion as specified by various 3'UTR-located se- 
quence motifs. In all experiments here, repression 
of protein synthesis is consistently seen just 2 
hours after induction, whereas mRNA destabili- 
zation comes later. Additionally, in experiments 
where less bantam miRNA was present (by not 
supplying an exogenous source), the observed 
timing of protein repression and mRNA dead- 
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enylation and decay were unaffected (fig. S5, 
A and B). 

We performed a similar set of experiments 
with use of actinomycin D to more rapidly shut 
off transcription (fig. S6, A to D). At a single 
time point after induction, all constructs showed 
a substantial reduction in protein production 
but no reduction in mRNA abundance (Fig. 2). 
Consistent with BCS shut-off data, translation 
rates for targeted constructs are substantially re- 
duced with respect to nontargeted ones (fig. S6, 
A to D). 

mRNA polyadenylate [poly(A)] tails are in- 
volved in translation initiation and thus in de- 
termining translational efficiency (22, 23). Potential 
subtle changes in poly(A) tail length not detect- 
able using an oligo(dT),; isolation procedure were 
analyzed for the complete set of RNA samples 
by using a poly(A) tail-length assay that allows 
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Fig. 4. Translational elongation stalling assay in- p 


dicates that miRNA-mediated gene silencing targets 
early steps in translation. (A to E) Time-resolved pro- 
gression of miRNA-mediated effects on the stability 
of various mRNA constructs containing the lysine- 
induced elongation stall. Normalized mRNA amounts 
for the miRNA-targeted (T) and nontargeted (NT) con- 
structs are shown as the ratio of NT/T; note that 
values are less than one and decreasing. Each data 
point represents an average + SD from three inde- 
pendent experiments. 


for specific amplification of poly(A)-containing 
mRNAs. Subtle changes in poly(A) tail length 
could be documented with this assay when cells 
were treated with puromycin (fig. S7) (24). How- 
ever, we did not observe any shortening of poly(A) 
tails in reporter constructs responding to bantam 
or mir-9b and mir-279 (Fig. 3, A to D). Because 
no intermediates are observed, these data suggest 
that deadenylation in vivo is processive and close- 
ly coupled to mRNA decay. These data argue that 
translational inhibition is not triggered by dead- 
enylation, either partial or complete, in the system 
that we have established [in contrast with earlier 
studies (6, 12, 25)]. 

We also evaluated the timing and extent of 
silencing of reporter gene pairs carrying histone 
H3 terminal stem loops [and no poly(A) tail] (26) 
(fig. S8). This reporter pair is translationally 
repressed rapidly (Fig. 3E) and at levels compa- 
rable to those observed with equivalent constructs 
carrying a poly(A) tail (Fig. 2A versus Fig. 3E). 
These data provide further support for the idea 
that deadenylation is not required for translational 
repression by miRNAs (5). However, deadenyl- 
ases may play a direct role in translational repres- 
sion independent of their deadenylation activity 
(27-29), and deadenylation may consolidate the 
observed translational repression. 

To define where in the translation cycle the 
miRNA-mediated stalling occurs, we developed 
an approach that uses as a read-out the specific 
cleavage of mRNAs when ribosomes stall during 
translation elongation (30) (fig. S9). We inserted 
12 lysine codons at position 6 in both the natural 
and synthetic reporters; as a control, we inserted 
12 arginines and 12 more neutral glutamine res- 
idues (fig. S10). By using qRT primers that en- 
compassed the predicted cleavage site as well as 
the stall sequence, we determined the extent of 
cleavage of both targeted and nontargeted report- 


synthetic miR-9b and miR-279 target (Vha68-7) 


iy 


Normalized mRNA ratio NT/T 
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er mRNAs over time (Fig. 4, A to D, and fig. 
S11, A to C). Ratios of the targeted and nontar- 
geted proteins and mRNAs were normalized to 
the amount of a parallel control reporter. In all 
cases, mRNAs of nontargeted reporters were 
rapidly cleaved and degraded, whereas mRNAs 
of the targeted reporters were relatively stabilized. 
Similar results were obtained in a stalling exper- 
iment with histone H3 constructs, confirming 
that the poly(A) tail is not essential for miRNA- 
mediated translational repression (Fig. 4E). These 
data establish that miRNA-mediated translational 
silencing happens in the Drosophila system dur- 
ing the initiation or early elongation phase of pro- 
tein synthesis. 

We find that miRNA-mediated gene silencing 
in Drosophila S82 cells is first manifested through 
effects on translation, and in particular the early 
events thereof, and is subsequently consolidated 
by mRNA deadenylation and decay. Although it 
is possible that the order of events is different in 
other systems or in a fashion that is mRNA- 
specific, our data in Drosophila are consistent. 
Moreover, these observations are consistent with 
earlier studies on miRNA-mediated silencing 
in vitro (15, 17) and with previous studies of trans- 
lation as affected by iron levels (24). With these 
insights into the relative timing of the events in- 
volved in miRNA-mediated gene silencing, we 
can now focus subsequent molecular mechanistic 
analysis on these earliest triggering steps. 
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A Memory Retrieval-Extinction 
Procedure to Prevent Drug 
Craving and Relapse 


Yan-Xue Xue,?* Yi-Xiao Luo,?* Ping Wu,?* Hai-Shui Shi,”? Li-Fen Xue,? Chen Chen,” Wei-Li Zhu,* 
Zeng-Bo Ding,’ Yan-ping Bao,’ Jie Shi,” David H. Epstein,? Yavin Shaham,> Lin Lu*t 


Drug use and relapse involve learned associations between drug-associated environmental cues 
and drug effects. Extinction procedures in the clinic can suppress conditioned responses to 

drug cues, but the extinguished responses typically reemerge after exposure to the drug itself 
(reinstatement), the drug-associated environment (renewal), or the passage of time (spontaneous 
recovery). We describe a memory retrieval-extinction procedure that decreases conditioned drug 
effects and drug seeking in rat models of relapse, and drug craving in abstinent heroin addicts. 
In rats, daily retrieval of drug-associated memories 10 minutes or 1 hour but not 6 hours before 
extinction sessions attenuated drug-induced reinstatement, spontaneous recovery, and renewal 
of conditioned drug effects and drug seeking. In heroin addicts, retrieval of drug-associated 
memories 10 minutes before extinction sessions attenuated cue-induced heroin craving 1, 30, 
and 180 days later. The memory retrieval-extinction procedure is a promising nonpharmacological 
method for decreasing drug craving and relapse during abstinence. 


onditioning plays a major role in drug ad- 
diction, and responses to drug-associated 
cues persist during prolonged abstinence 


(/, 2). These findings led to the development of 
cue-exposure therapies to extinguish the craving- 
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Fig. 1. In rats, retrieval of drug-cue memories 
10 min or 1 hour before extinction sessions pre- 
vented drug-priming—induced reinstatement of 
morphine CPP. (A) During CPP training, rats learned 
to associate one environmental context with the 
effect of morphine injections (10 mg/kg, subcu- 
taneous) and to associate another context with 
saline injections. Next, all rats were tested for 
their place preference (CPP test 1). Twenty-four 
hours later, rats were divided into four groups and 
given different memory retrieval-extinction manip- 
ulations: 55-min extinction training (in one group), 
or 10-min memory retrieval + 45 min extinction 
training (in the other three groups—with either 
a 10-min, 1-hour, or 6-hour delay between mem- 
ory retrieval and extinction training). All rats were 
tested for reinstatement of morphine CPP induced 
by a priming injection of morphine (5 mg/kg, sub- 
cutaneous). (B) Effect of the experimental manip- 
ulations on the CPP score. Data are mean + SEM 
of preference score in seconds (time spent in the 
morphine-paired chamber minus time spent in 
the saline-paired chamber) during the CPP tests. 
Asterisk indicates different from the “no memory 
retrieval” condition; P < 0.05; n = 9 to 11 rats per 
experimental condition. 
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and relapse-provoking effects of drug cues (/, 3). 
However, cue-exposure therapy in clinical set- 
tings does not usually prevent relapse when for- 
mer drug addicts return to their previous drug 
environments (4). Animal learning studies pre- 
dict that extinction responding is susceptible to 
renewal, reinstatement, and spontaneous recov- 
ery. Respectively, these terms refer to resumption 
of original learned responses after change of en- 
vironmental context, acute exposure to the un- 
conditioned stimulus (such as food or drug), or 
passage of time (5). 

More recently, preclinical investigators have 
been able to decrease behavioral effects of drug- 


associated cues by pharmacologically interfering 
with reconsolidation of drug-cue memories (6-9). 
Reconsolidation refers to a time-dependent pro- 
cess in which consolidated memory items are 
rendered transiently unstable shortly after their 
reactivation (10-12). However, with the exception 
of the beta-adrenoceptor antagonist propranolol 
(13, 14), which is approved for human use, the 
other pharmacological compounds used in these 
studies are not suitable for human use (/5—/8). 
Consequently, the results from rat reconsolida- 
tion studies have not yet “translated” to clinical 
use in addiction treatment. 

A nonpharmacological alternative may be 
possible: the “memory retrieval-extinction” behav- 
ioral procedure to interfere with reconsolidation 
of fear cues in rats and humans (/9, 20). Re- 
instatement, renewal, and spontaneous recov- 
ery of fear responding are prevented by acute 
exposure to cues previously paired with foot- 
shock (a retrieval manipulation) if that exposure 
is followed 10 min or 1 hour later (but not 6 hours 
later) by repeated exposure to the same cues in 
extinction sessions. Thus, extinction experience 
within the timeframe of the “reconsolidation win- 
dow” after cued retrieval of the fear memories 
mimicked the behavioral effect of a pharmaco- 
logical manipulation on suppression of fear con- 
ditioning (19, 20). 

We used an extinction-reinstatement proce- 
dure in rats [an animal model of drug relapse 
(21)] and a cue-induced—craving procedure in 
humans (/) to assess whether the memory retrieval- 
extinction procedure can decrease drug- and cue- 
induced drug preference and relapse in rats and 
cue-induced drug craving in humans. 

We first assessed the effect of the memory 
retrieval-extinction manipulation on drug-priming— 
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induced reinstatement of drug conditioned place 
preference (CPP) and spontaneous recovery of 
drug CPP (details are available in the supple- 
mentary material). In the Pavlovian CPP version 
of the reinstatement model, CPP is induced by a 
drug, extinguished, and then reinstated by priming 
injections of the drug (27); like other conditioned 
responses (22), the extinguished CPP response 
can reemerge after the passage of time (sponta- 
neous recovery). 

In experiment 1 (cocaine CPP) (fig. S1A) and 
experiment 2 (morphine CPP) (Fig. 1A), we used 
four groups of rats: (1) no memory retrieval + ex- 
tinction; (11) memory retrieval + 10-min delay + 
extinction; (iii) memory retrieval + 1-hour delay + 
extinction; and (iv) memory retrieval + 6-hour 
delay + extinction. We analyzed the data with the 
between-subjects factor of group and the within- 
subjects factor of CPP test (test 2, after extinction; 
test 3, drug-induced reinstatement or spontane- 
ous recovery test). Brief (10 min) cued retrieval 
of the drug memories 10 min or | hour but not 
6 hours before the longer 45-min daily extinc- 
tion sessions impaired drug-priming—induced re- 
instatement of drug CPP for cocaine (table S1, 
statistical results, and fig. S1) and morphine 
(group x test interaction, F3 5 = 9.5, P < 0.01) 
(Fig. 1). In experiment 3, we used an identical 
experimental procedure to demonstrate that the 
memory retrieval-extinction manipulation also 
impaired spontaneous recovery of cocaine CPP 
(fig. S2). 

We next assessed the effect of the memory 
retrieval-extinction manipulation on drug- 


priming—induced reinstatement of the drug self- 
administration behavior, spontaneous recovery, 
and context-induced reinstatement of drug seek- 
ing [a renewal manipulation (23)]. These ex- 
periments used the operant self-administration 
version of the reinstatement model, in which 
animals are trained to respond for drug infu- 
sions, given daily extinction sessions until operant 
responding ceases, and then tested for reinstate- 
ment of (nonreinforced) pressing on the drug- 
associated device (such as a lever or nosepoke 
operandum) after acute noncontingent exposure 
to drug-priming injections or exposure to drug- 
associated cues (24, 25). A selective increase in 
nonreinforced responding on the device previ- 
ously associated with drug infusions (but not 
on the inactive device) is interpreted to indicate 
relapse to drug seeking (26). Like drug CPP, the 
extinguished drug-reinforced conditioned re- 
sponse undergoes spontaneous recovery after 
the completion of extinction training (27). 

In experiments 4 and 5, we used rats that had 
been trained to self-administer cocaine or heroin 
to demonstrate the inhibitory effect of the mem- 
ory retrieval-extinction manipulation on drug- 
priming—induced reinstatement (Fig. 2 and fig. S3). 
The statistical analysis included the between- 
subjects factor of group (no memory retrieval + 
extinction, memory retrieval + 10-min delay + ex- 
tinction, and memory retrieval + 6-hour delay + 
extinction for cocaine; or no memory retrieval + 
extinction and memory retrieval + 10-min de- 
lay + extinction for heroin) and the within-subjects 
factor of reinstatement condition (last extinc- 
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tion session, reinstatement test session). Brief 
(15 min) cued retrieval of the drug memories 
10 min but not 6 hours before the long 180-min 
daily extinction sessions impaired drug-priming— 
induced reinstatement of cocaine (fig. S3) or 
heroin (Fig. 2) seeking. There were significant 
group x reinstatement condition interactions for 
both cocaine (table S2) and heroin (F190 = 6.9, 
P< 0.05). No group differences were seen in 
responding on the inactive nosepoke operandum 
(P > 0.1). Additionally, the memory retrieval- 
extinction manipulation accelerated extinction 
responding in the cocaine-trained rats (table S2 
and fig. $3) but not the heroin-trained rats (P > 
0.05) (Fig. 2). 

In experiments 6 and 7, we used rats that had 
been trained to self-administer cocaine to dem- 
onstrate the inhibitory effect of the memory 
retrieval-extinction manipulation on spontane- 
ous recovery (experiment 6) and renewal (context- 
induced reinstatement; experiment 7) of cocaine 
seeking (figs. S4 and S5). In the renewal exper- 
iment, the rats were trained to self-administer 
cocaine in a distinct context (context A). Then, 
the operant responding was extinguished in a 
different, nondrug context (context B). During 
the subsequent tests, reinstatement of cocaine 
seeking was assessed after exposure to context 
A (28). Brief (15 min) cued retrieval of the co- 
caine memories 10 min before the long 180-min 
daily extinction sessions impaired spontaneous 
recovery (fig. S4) and renewal (fig. S5) of co- 
caine seeking. The statistical analyses, which 
included the between-subjects factor of group 


‘é C Reinstatement test 


G Noretrieval + Extinction 
GH Retrieval + 10 min + Extinction 


Nosepoke responses (1h) 


Active nosepoke 


Inactive nosepoke 


Fig. 2. In rats, retrieval of drug-cue memories 
10 min before extinction sessions attenuated heroin- 
priming—induced reinstatement of drug seeking. 
(A) Timeline of the experimental procedure. 
Rats were trained to self-administer intravenous 
heroin during three 1-hour daily sessions over 
10 days. Twenty-four hours later, the rats were 
divided into two groups and given differ- 
ent memory retrieval-extinction manipulations: 
195-min extinction training or 15-min memory 
retrieval + 180-min extinction training, with 
10 min between memory retrieval and extinction 


training. The rats were then tested for reinstatement of nosepoke responding after noncontingent priming injections of heroin (0.25 mg/kg, subcutaneous). 
(B and C) Number of responses (mean + SEM) on the active and inactive nosepoke devices during the extinction sessions and the heroin-priming test. 
Asterisk indicates different from the “no memory retrieval” condition; P < 0.05; n = 6 to 7 rats per experimental condition. 
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(no memory retrieval + extinction and memory 
retrieval + 10-min delay + extinction) and the 
within-subjects factor of test condition (last ex- 
tinction session, spontaneous recovery, or renewal 
test session), showed significant interactions be- 
tween group * test condition (table S2). No group 
differences were seen in responding on the inac- 
tive nosepoke operandum (P > 0.1). Additionally, 
the memory retrieval-extinction manipulation mod- 
estly accelerated extinction responding in exper- 
iment 6 (fig. S4) but not experiment 7 (fig. S5). 

In experiment 8, we assessed the effect of the 
memory retrieval-extinction manipulation on the 
protein expression of protein kinase MG (PKMC) 
in medial prefrontal cortex (mPFC; infralimbic 
and prelimbic subregions) and amygdala (baso- 
lateral and central subregions). PKM€ is a con- 
stitutively active atypical isoenzyme of protein 
kinase C that mediates long-term maintenance 
of aversive and appetitive memories (29, 30), 
including drug-associated memories (3/, 32). 
We found that extinction training alone increased 
PKMC expression in infralimbic (but not pre- 
limbic) cortex and decreased PKM€ expression 
in basolateral (but not central) amygdala (fig. S6). 
Furthermore, the memory retrieval-extinction 
manipulation with a 10-min but not 6-hour delay 
potentiated extinction-induced increases in PKMC 
expression in infralimbic cortex and extinction- 
induced decreases in PKMC expression in baso- 
lateral amygdala (table S2 and fig. S6). There was 
no group effect on the levels of B-actin (a control 
protein). 


Fig. 3. In humans, retrieval of drug-cue memories 
10 min before extinction sessions caused long- 
lasting attenuation of cue-induced heroin craving. 
(A) Timeline of the experimental procedure. 
Neutral- and heroin-cue—induced drug craving 
(see supplementary materials) in abstinent heroin 
addicts was measured with VAS on day 1. Twenty- 
four hours later, the participants were divided into 
three groups and given different memory retrieval- 
extinction manipulations for 2 consecutive days: 
neutral cue exposure + 10-min delay + 60-min 
extinction training (in one group), or 5-min heroin- 
cue exposure (memory retrieval) + 60-min extinction 
training (in the other two groups—with 10 min or 
6 hours between memory retrieval and extinction 
training). During the extinction sessions, the par- 
ticipants were given four consecutive sessions of 
repeated exposures to three different heroin-related 
cues (supplementary material). Measures of subjec- 
tive craving and sympathetic activation (heart rate 
and blood pressure) were obtained after the ex- 
tinction sessions. Cue-induced heroin craving was 
assessed again on days 4, 34, and 184 by using a 
procedure identical to that used on day 1. (B) Cue- 
induced heroin craving (mean + SEM) on day 1 
(baseline), days 4, 34, and 184 (1, 30, and 180 days 
after the memory retrieval-extinction sessions). As- 
terisk indicates different from “no memory retrieval” 
group; P < 0.05; n = 22 human subjects per group 
for day 1, 4, and 34; n = 16 to 18 human subjects 
per group for day 184. 
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Next, we assessed the clinical relevance of 
the memory retrieval-extinction procedure in in- 
patient detoxified heroin addicts. Heroin craving 
was assessed by using a visual analog scale (VAS) 
on which the participants had to rate their cur- 
rent craving for heroin, before and immediately 
after exposure to a neutral cue and a heroin cue. 
Neutral and heroin cues were both 5-min video- 
tapes. Heart rate (HR) and blood pressure were 
monitored before and after cue exposure as ad- 
ditional measures of cue reactivity. The heroin ad- 
dicts were assigned to three groups: (1) no memory 
retrieval + extinction, (ii) memory retrieval + 10- 
min delay + extinction, or (iii) memory retrieval + 
6-hour delay + extinction. The memory retrieval- 
extinction manipulation with a 10-min but not 
6-hour delay inhibited both cue-induced craving 
(Fig. 3) and cue-induced increases in blood pres- 
sure, but not heart rate (Fig. 4). Craving reactiv- 
ity to cues was assessed by using change scores 
from preexposure baseline (33). 

For cue-induced craving, the statistical analysis 
[SAS PROC MIXED, Satterthwaite method for 
denominator degrees of freedom that takes into 
account missing cells in repeated-measures anal- 
ysis of variance (ANOVA)], which included base- 
line (day 1) as the covariate, the between-subjects 
factor of group, and the within-subjects factors of 
test day (posttreatment tests on days 4, 34, and 184) 
and cue type (neutral cue and heroin cue), showed 
a significant interaction between group x cue type 
(Fo23.75 = 9.0, P< 0.01). For systolic and diastol- 
ic blood pressure, the analyses showed a trend 
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toward an interaction between group x cue type 
(F 2,343.25 = 2.38, P = 0.094 and Fy374.46 = 
2.42, P = 0.09, respectively). No group differ- 
ences were observed for heart rate. 

In 2009, Monfils and colleagues introduced a 
memory retrieval-extinction procedure whose ap- 
plication to both rats (79) and humans (20) led 
to long-lasting blockade of shock-conditioned 
fear responses. Here, we introduce an appetitive- 
conditioning version of the memory retrieval- 
extinction procedure whose application caused 
long-lasting attenuation of conditioned drug ef- 
fects and drug seeking (in rats) and drug craving 
(in detoxified heroin users). The behavioral effects 
of our procedure were also associated with changes 
in the expression of the memory-maintenance— 
related molecule PKMC€ in infralimbic cortex and 
basolateral amygdala. As in the fear-conditioning 
studies, a key determinant of effectiveness was 
the interval between the shorter memory-retrieval 
sessions and the longer extinction sessions or the 
interval between short reexposure to the drug- 
associated cues (memory retrieval) and subsequent 
longer nonreinforced reexposure to the same cues 
(extinction). 

The development of the memory retrieval- 
extinction fear-conditioning procedure was in- 
spired by theoretical accounts of memory retrieval 
and reconsolidation (34) and studies of pharma- 
cological manipulations of reconsolidation of 
fear memories (//, 35). The latter body of work 
has since been extended to appetitive memories 
(6), including memories of drug-associated cues 
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Fig. 4. In humans, retrieval of drug-cue memories 10 min before the ex- 
tinction sessions caused long-lasting attenuation of cue-induced increases 
in systolic and diastolic blood pressure but not heart rate. The experimental 
procedure was identical to that described in Fig. 3. (A) Heart rate. (B) Systolic 
blood pressure. (C) Diastolic blood pressure. Asterisk indicates different from 
“no memory retrieval” group; P < 0.05, n = 22 human subjects per group for 
day 1, 4, and 34; n = 16 to 18 human subjects per group for day 184. 
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(7, 36). In those studies, investigators inferred 
that memory reconsolidation was disrupted on 
the basis of findings that post-retrieval systemic 
or intracranial injections of pharmacological 
agents within a specific time interval (up to 2 hours 
after retrieval)}—often termed a “reconsolidation 
window’’—disrupted the expression of responses 
to aversive or appetitive cues (6, 12, 37). Accord- 
ingly, results from studies of memory retrieval- 
extinction manipulations have been taken to reflect 
interference with reconsolidation (/9, 20, 38). The 
findings that the memory retrieval-extinction ma- 
nipulation is ineffective when the extinction ses- 
sions are given at delays that are longer than the 
reconsolidation window (/9, 20, 38) supports this 
interpretation. The retrieval-extinction manipu- 
lation also blocks shock-induced reinstatement, 
spontaneous recovery, and renewal of conditioned- 
fear expression [phenomena that are otherwise 
reliably observed after extinction training (5)] in 
some studies (19, 20, 38), but not others (39, 40). 
On the basis of the above findings, a plausible 
interpretation of our data is that the memory 
retrieval-extinction manipulation interfered with 
reconsolidation of memories for drug cues. This 
hypothesis is supported by two sets of observa- 
tions. First, across the different experiments in both 
rats and humans, the memory retrieval-extinction 
manipulation was effective only within the time 
window of reconsolidation. Second, in the CPP 
experiments the memory retrieval-extinction ma- 
nipulation completely blocked drug-priming— 
induced reinstatement and spontaneous recovery. 

However, a reconsolidation account of the data 
should be made with some caution in the case of 
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the drug self-administration experiments. In those 
experiments, nosepoke responding was signifi- 
cantly lower during the last extinction session than 
during the tests for drug-priming—induced rein- 
statement, spontaneous recovery, and renewal in 
the 10-min or 1-hour memory retrieval-extinction 
condition. Additionally, the effect of the mem- 
ory retrieval-extinction manipulation on nose- 
poke responding during extinction training—a 
behavior induced in part by exposure to the drug- 
associated cues (26)—was modest and inconsistent 
across experiments. Together, these observations 
suggest that our memory retrieval-extinction ma- 
nipulation only weakened the memories of the drug 
cues (or decreased their motivational effects) rather 
than completely preventing the expression of the 
conditioned response, as would have been pre- 
dicted by a reconsolidation account of the data. 
What might account for the attenuation 
but not blockade of drug seeking in the self- 
administration experiments? One possibility is 
that the memory retrieval-extinction manipula- 
tion preferentially disrupted reconsolidation of 
stimulus-response Pavlovian-based memories 
that mediate drug CPP in rats and cue-induced 
drug craving in humans, while having less impact 
on reconsolidation of response-outcome operant- 
based memories that play a role in reinstatement 
of drug seeking in the drug self-administration 
procedure. Operant drug seeking is controlled 
by a complex interplay between operant and 
Pavlovian conditioning processes (7, 26), and 
there is evidence that reconsolidation of operant 
memories is more difficult to disrupt than re- 
consolidation of Pavlovian memories (4/). 


Another issue to consider in interpreting the 
present data is that the memory-retrieval ma- 
nipulations were performed under extinction 
conditions, and therefore, a given manipulation 
could have affected reconsolidation of cue mem- 
ories, consolidation of extinction memory, or 
both (6). Our retrieval manipulation in the self- 
administration experiments was 15 min of daily 
non-reinforced operant responding in the pres- 
ence of the drug-associated cues. Thus, an alter- 
native interpretation could be that intermittent 
exposure to extinction training within the consol- 
idation window of extinction memory may have 
strengthened the extinction memory, rendering 
the original appetitive memory less susceptible to 
reinstatement, spontaneous recovery, or renewal. 
Indeed, results from fear-conditioning studies 
demonstrate that pharmacological manipulations 
that promote consolidation of extinction memory, 
decrease reinstatement, spontaneous recovery, 
and renewal of fear memories (42-44). 

It is also possible that our memory retrieval- 
extinction manipulation both facilitated extinc- 
tion consolidation and disrupted reconsolidation. 
Two lines of evidence from published reports sup- 
port this hypothesis. The first is our recent finding 
that post-training PKM€ activity in basolateral 
amygdala is critical for memories of morphine 
reward and morphine withdrawal aversion but 
not extinction memory, whereas PKMC activity 
in infralimbic cortex is critical for extinction mem- 
ory but not reward or withdrawal memories (3/). 
The second is that plasticity in basolateral amyg- 
dala is critical for reconsolidation of memories 
for both aversive and appetitive cues (6, 7) and 
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for the effects of the retrieval-extinction manip- 
ulation on fear memories (38), whereas infra- 
limbic plasticity is critical for maintenance of 
aversive and appetitive extinction memories 
(44, 45). In the experiments reported here, we 
found that repeated cocaine-cue retrieval 10 min 
before daily extinction sessions potentiated the 
opposite effects of extinction training alone on 
PKMGC in the infralimbic cortex (increased ex- 
pression) versus basolateral amygdala (decreased 
expression) (fig. S6). These findings are consist- 
ent with a “dual” effect of the memory retrieval- 
extinction manipulation on both consolidation 
of extinction memory and reconsolidation of cue 
memories. 

Investigators have identified several ways to 
disrupt cue-memory reconsolidation or strengthen 
extinction learning (7, 46). However, their poten- 
tial as preventive treatments for addiction 1s lim- 
ited because they often rely on pharmacological 
agents that are either not approved for human 
use or that can cause problematic side effects. 
We used established animal models of drug re- 
lapse and a standard human laboratory procedure 
for drug-induced craving to assess a purely be- 
havioral procedure to decrease the motivation- 
al effects of drug cues during abstinence. The 
memory retrieval-extinction procedure decreased 
cue-induced drug craving and (extrapolating from 
our rat data) perhaps could reduce the likelihood 
of cue-induced relapse during prolonged ab- 
stinence periods. If our procedure weakens the 
original drug-cue memories rather than solely 
facilitating extinction, it may overcome the con- 
textual renewal problems that have limited the 
clinical effectiveness of traditional extinction pro- 
cedures (4), although this possibility needs em- 
pirical evaluation in human addicts. Last, although 
the cellular mechanisms and brain circuits un- 
derlying the long-lasting effects of the retrieval- 
extinction procedure on drug relapse and craving 


remain to be elucidated, our data point to a role 
for PKMC activity in the infralimbic cortex and 
basolateral amygdala. 
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Orthographic Processing in 
Baboons (Papio papio) 


Jonathan Grainger,* Stéphane Dufau, Marie Montant, Johannes C. Ziegler, Joél Fagot 


Skilled readers use information about which letters are where in a word (orthographic information) 
in order to access the sounds and meanings of printed words. We asked whether efficient processing 
of orthographic information could be achieved in the absence of prior language knowledge. To do 
so, we trained baboons to discriminate English words from nonsense combinations of letters that 
resembled real words. The results revealed that the baboons were using orthographic information 
in order to efficiently discriminate words from letter strings that were not words. Our results 
demonstrate that basic orthographic processing skills can be acquired in the absence of preexisting 


linguistic representations. 


eading is a complex process that starts 
with the extraction of detailed visual in- 
formation, which is used to access the 
sounds (phonology) and the meanings (se- 
mantics) of words. Before they process the pho- 
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nological and semantic information, readers of 
languages that use an alphabetic script must 
first process the elementary visual features of the 
word’s constituent letters and assign these dif- 
ferent letter identities to specific positions in the 


word. The computation of letter identities and 
their relative positions is referred to as ortho- 
graphic processing, and there is a large consen- 
sus today that such processing represents the 
first “language-specific” stage of the reading pro- 
cess that follows the operations involved in the 
control of eye movements (bringing words into 
the focus of central vision) and early visual pro- 
cessing (enabling visual feature extraction; Fig. 1A) 
(/-4). In the present study, we examined whether 
the ability to efficiently process orthographic in- 
formation can operate in the absence of prior lin- 
guistic knowledge. 

Orthographic processing lies at the inter- 
face between the visual processing and the lin- 
guistic processing involved in written language 
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comprehension. The vast majority of research on 
visual word recognition, however, has ignored the 
status of printed words as visual objects, focus- 
ing mainly on how letter-level information maps 
onto higher-level linguistic properties (phono- 


Fig. 1. Teaching baboons to recognize words. (A) 
Skilled readers use an orthographic code to recog- 
nize words, mapping elementary visual features, such 
as lines of different orientation (here features con- 
tained in the word “WASP”), onto whole-word ortho- 
graphic representations via some form of letter-level 
code (1-4, 9). (B and C) While maintained in their 
social group, the baboons had free access to computer- 
controlled operant conditioning setups with touch 
screen technology (13). (C) The baboons were trained 
to recognize four-letter English words and distinguish 
them from strings of letters that are not English words, 
such as “STOD.” Baboons responded by touching either 
the cross or the oval shape presented immediately 
after the word or nonword. After a correct response, 
a blank screen was presented and baboons received a 
food reward (dry wheat). A green screen was presented 
for 3 s after an incorrect response. We asked whether 
baboons would use an orthographic code, as described 
in (A), in order to discriminate words from nonwords. 


Fig. 2. Successful word-nonword discrimination in 
baboons. (A) Accuracy for words (e.g., DONE, LAND, 
THEM, VAST) and (B) nonwords (e.g., DRAN, LONS, 
TELK, VIRT) was calculated for blocks of 2000 
consecutive trials (except for the last block) separately 
for each baboon (here and in Figs. 3 and 4, baboons 
are indicated by their abbreviated names: DAN, ART, 
CAU, DOR, VIO, and ARI). The results of a signal de- 
tection analysis are shown in (C) (sensitivity: baboons’ 
ability to discriminate words from nonwords) and (D) 
(bias: baboons’ inclination to answer “word” or “non- 
word”). During the first block of 2000 trials, numerical 
estimates of bias show that each baboon predom- 
inantly chose one of the two possible responses 
resulting in a “word” or “nonword” bias and low 
sensitivity. After 2000 trials, the baboons started to 
perform accurate word-nonword classification by 
responding “word” to repeated stimuli and “non- 
word” to novel stimuli as shown by above-zero 
sensitivities and bias values close to zero. Baboons 
attained an accuracy level of about 75%. Error bars 
in (A) and (B) correspond to the 95% binomial 
confidence interval, which are also displayed in 
gray for chance performance (see supplementary 
materials for more details). 


logical, morphological, semantic, and syntactic) 
(5). The discovery that orthographic processing 
is achieved by neural structures in the left ven- 
tral occipitotemporal cortex (6, 7), a region that 
is bilaterally associated with object and face pro- 
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cessing, has encouraged a reconsideration of the 
role of basic object identification processes in 
visual word recognition. In the light of this find- 
ing, Dehaene and colleagues proposed that skilled 
reading involves an adaptation of general object- 
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identification processes in ventral occipitotempo- 
ral brain areas to the specific characteristics of 
printed words (8, 9). 

However, according to the dominant theories 
of reading, orthographic processing is still pri- 
marily considered to be an extension of already 
established linguistic skills in the domain of spo- 
ken language processing (or sign language pro- 
cessing in hearing-impaired persons). Indeed, 


the task of learning to read a language with an 
alphabetic script is facilitated by the fact that 
individual letters and letter clusters (graphemes) 
can be associated with the elementary sounds of 
the language (phonemes) in order to recover a 
phonological representation of the word being 
read, and from there to understand its meaning 
(5). Such phonological recoding operations could 
well be a major constraint that forces the be- 


Last 50 first words 


All first words 


Nonword responses (%) 


First words Nonwords Difference First words Nonwords Difference 


Fig. 3. Percentage of nonword responses on trials corresponding to words seen for the first time as 
compared to the first nonword stimuli after these particular trials. Performance on trials corresponding to 
the first presentation of words is of particular interest, because any divergence from performance to 
nonword stimuli is an indication that the baboons have learned general statistical properties of the two 
classes of stimuli. All six baboons showed such a divergence for both the total number of first word trials 
(A) and the last 50 first word trials (B), as revealed in the differences in the percentage of nonword 
responses to first words and nonwords (all P values < 0.01). 
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Orthographic distance to words (OLD20) Orthographic distance to words (OLD20) 
Fig. 4. Performance in response to nonwords depends on their orthographic similarity to learned words 
for both monkeys and humans. (A) For each of the last 20,000 nonword trials, the orthographic 
Levenshtein distance (OLD20) (25, 16) was computed between the corresponding nonword and each of 
the words learned at that time, separately for each baboon. The average accuracy corresponding to each 
unique value of OLD20 was then calculated. The graph shows that baboons responded less accurately to 
more wordlike nonwords (smaller OLD20 values). Errors bars correspond to the 95% binomial confidence 
interval. (B) For comparison, humans show a similar sensitivity to orthographic distance to known words 
when responding to nonwords (see supplementary text). 
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ginning reader to process individual letters rather 
than the word as a whole (/0). Thus, it has typ- 
ically been argued that orthographic processing 
is a predominantly linguistic skill, requiring the 
same cerebral predisposition as thought to be re- 
quired for spoken and sign language processing, 
or at the least, prior exposure to the language in 
question. 

We challenged the hypothesis that learning 
an orthographic code depends on preexisting 
linguistic knowledge by investigating whether 
nonhuman primates can learn this skill. Humans 
and nonhuman primates from the cercopithecidae 
family, such as macaques or baboons, have sim- 
ilar visual systems (//). However, the communi- 
cative system of cercopithecidae arguably lacks 
the structural complexity of human language (/2) 
and certainly does not include any phonological 
representation of English words that could be as- 
sociated with the printed forms of these words. 
Using a new testing procedure in which socially 
housed monkeys had free access to computer- 
controlled operant conditioning setups with touch 
screens (Fig. 1B) (/3), we trained six baboons to 
discriminate randomly selected real English words 
four letters in length from artificially generated 
four-letter strings of letters that were not real 
English words [henceforth, nonwords (Fig. 1C)]. 
All nonwords were formed of a vowel and three 
consonants and contained letter combinations (bi- 
grams) that occurred in real words. Bigram fre- 
quency was minimized in the list of nonwords 
and maximized in the list of words (/4), so that 
the word versus nonword discrimination could be 
made implicitly on the basis of statistical de- 
pendencies between letters. Words and nonwords 
were presented randomly in blocks of 100 trials. 
The 100-trial sessions were composed of 25 pre- 
sentations of a novel word to learn, 25 presen- 
tations of words randomly selected from already 
learned words, and 50 nonword trials. Each new 
word was added to the ever-increasing pool of 
already learned words, once responses to that 
word exceeded 80% correct within the preceding 
session. Thus, in terms of explicit information 
available to the baboons, a word was defined as 
a string of letters that was repeatedly presented, 
whereas a nonword was rarely repeated. The 
baboons responded by touching one of two shapes 
shown on the touch screen and were given a food 
reward after a correct response (Fig. 1C) (see the 
supplementary materials for more details). 

Over a period of a month and a half, baboons 
learned to discriminate dozens of words (the 
counts ranged from 81 words for baboon VIO 
to 308 words for baboon DAN) from among a 
total of 7832 nonwords at nearly 75% accuracy 
(Fig. 2 and table S1). This in itself is a remarkable 
result, given the level of orthographic similarity 
between the word and nonword stimuli. More 
detailed analyses revealed that baboons were not 
simply memorizing the word stimuli but had 
learned to discriminate words from nonwords on 
the basis of differences in the frequency of letter 
combinations in the two categories of stimuli 
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(Le., statistical learning). Indeed, there was a sig- 
nificant correlation between mean bigram frequen- 
cy and word accuracy [correlation coefficients 
(r) ranged from 0.51 for baboon VIO to 0.80 for 
baboon DAN, all P values < 0.05; see supple- 
mentary materials]. More importantly, words that 
were seen for the first time triggered significantly 
fewer “nonword” responses than did the nonword 
stimuli (Fig. 3). This implies that the baboons had 
extracted knowledge about what statistical prop- 
erties characterize words and nonwords and used 
this information to make their word versus non- 
word decision without having seen the specific 
examples before. In the absence of such knowl- 
edge, words seen for the first time should have 
been processed like nonwords. Figure 3 shows 
that this was clearly not the case. 

Even more striking is the strong linear rela- 
tion, shown in Fig. 4, between accuracy in re- 
sponse to nonword stimuli and their orthographic 
similarity to words that the baboons had already 
learned. The more similar a nonword was to a 
known word, the more false positive responses it 
produced. Orthographic similarity was mea- 
sured with a standard edit distance used in in- 
formation theory and computer science (/5). 
For each nonword we counted the number of 
letter insertions, letter deletions, and letter sub- 
stitutions required to transform the nonword into 
a known word, and we retained the average of 
the 20 lowest values as the OLD20 value of 
that nonword (/6). Thus, the smaller the OLD20 
value, the greater the orthographic similarity 
between the nonword and the set of known 
words. This standard measure of orthographic 
similarity was found to have a quasi-linear rela- 
tionship with the accuracy of responses to non- 
words [explained variance (R?) ranged from 
0.76 for baboon DOR to 0.91 for baboon VIO; 
see supplementary materials]. Exactly the same 
quasi-linear relationship was found in an analysis 
of the accuracy of human responses to nonwords 
in a large-scale lexical decision experiment (/7). 
This finding implies that the baboons were sen- 
sitive to the orthographic characteristics of word 
and nonword stimuli in a way that mimics the 
sensitivity to orthographic similarity seen in skilled 
human readers. 


Our results indicate that baboons were coding 
the word and nonword stimuli as a set of letter 
identities arranged in a particular order. Baboons 
had learned to discriminate different letters from 
each other (letter identity) and to associate those 
letter identities with positional information. Their 
coding of the statistical dependencies between 
position-coded letters is reflected in (1) their abil- 
ity to discriminate novel words from nonwords 
(1.e., generalization), (ii) the significant correla- 
tion between bigram frequency and the accuracy 
of responses to words, and (iii) the increase in 
errors in response to nonword stimuli that were 
orthographically more similar to known words. 
Thus, our results support the conclusion that the 
baboons were computing an orthographic code in 
order to accurately discriminate words from non- 
words. Prior linguistic knowledge is therefore 
not a necessary prerequisite in order to achieve 
humanlike orthographic processing. 

Our findings have two important theoretical 
implications. First, they suggest that statistical 
learning is a powerful universal (1.e., cross-species) 
mechanism that might well be the basis for learn- 
ing higher-order (linguistic) categories that facil- 
itate the evolution of natural language (8, 19). 
Second, our results suggest that orthographic pro- 
cessing may, at least partly, be constrained by 
general principles of visual object processing 
shared by monkeys and humans. One such prin- 
ciple most likely concerns the use of feature com- 
binations to identify visual objects (20), which 
would be analogous to the use of letter combina- 
tions in recent accounts of orthographic process- 
ing (4, 9, 2/). Given the evidence that baboons 
process individual features or their combinations 
in order to discriminate visual objects (22), we 
suggest that similar mechanisms were used to 
distinguish words from nonwords in the current 
study. Our study may therefore help explain the 
success of the human cultural choice of visually 
representing words using combinations of aligned, 
spatially compact, ordered sequences of symbols. 
The primate brain might therefore be better pre- 
pared than previously thought to process printed 
words, hence facilitating the initial steps toward 
mastering one of the most complex of human 
skills: reading. 
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The compact UV-2600 and UV-2700 UV-Vis spectrophotometers feature advanced optical sys- 
tems and “Lo-Ray-Ligh” diffraction gratings. The new spectrophotometers substantially reduce 


stray light, enabling confident and convenient use for routine analysis and demanding research 
applications. With its double monochromator design and Lo-Ray-Ligh diffraction gratings, the UV- 
2700 achieves ultralow stray light of 0.00005%T at 220 nm. Its photometric performance range 
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The UV-2600 also features the Lo-Ray-Ligh gratings for high efficiency and low stray light levels. 
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Operating at 600 watts (X-ray tube), the MiniFlex 600 is twice as 
powerful as other benchtop models, enabling faster analysis and im- 
proved overall throughput. Running at 300 watts (X-ray tube), the 
new MiniFlex 300 does not require an external heat exchanger and 
thus requires even less space. The new MiniFlex delivers speed and 
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system with an available sample changer. 
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nology, solid-state LED illumination, live-cell and label-free capabili- 
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adherent cell monolayers. The 405 Touch is powered by Liquid Han- 
dling Control software, and can be coupled with the BioStack Micro- 
plate Stacker for unattended batch processing. 

BioTek Instruments 


For info: 888-451-5171 | www.biotek.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 


257 


Downloaded from www.sciencemag.org on April 12, 2012 


EPI TW MICS SPECIAL OFFER 


a et ee t ANTIBODY 
SPECIAL 


Find out more @ www.epitomics.com/promo 


Over 7000 antibodies to popular pathways > 


Autophagy 


Atg3 Atg5 AMPK Alpha 1 (pS487) 
Cat.#: 3580-1 Cat.#: 3167-1 Cat.#: 2802-1 


My 


Histone H3 (pS10) Histone H4 (K8) 
Cat.#: 1173-1 


5-Methylcytosine 
Cat.#: 1796-1 Cat.#: 3913-1 


Stem Cells 


| all 
| ‘aaa 
es 
= —= 
Nanog SOX2 
Cat.#: 3533-1 Cat.#: 3369-1 Cat.#: 2683-1 


P h View over 30 interactive pathway maps @ www.epitomics.com/ 


BIOLOGICAL PATHWAY MAPS 


Si Gi 
A aN 
Antibody Satisfaction Guarantee 


WWW epitomics com US & Canada| 1-877-772-2622 


Outside NA | 650-583-6688 
info@epitomics.com 


PNAS Congratulates PA] ga il 


Cozzarelli Prize Recipients 


The Proceedings of the National Academy of Sciences (PNAS) has selected six outstanding articles for 
the 2011 Cozzarelli Prize, in recognition of their scientific excellence and originality. Winners were 
selected from the 3,500 research articles published in PNAS in 2011 and represent exceptional 
contributions to the six broadly defined classes under which the National Academy of Sciences is organized. 


2011 Cozzarelli Prize Recipients 


Cxass I: PHysICAL AND MATHEMATICAL SCIENCES 
Microaerobic steroid biosynthesis and the molecular 
fossil record of Archean life 

Jacob R. Waldbauer, Dianne K. Newman, and Roger E. Summons 
(2011) PNAS 108:13409-13414 


Crass II: BIOLOGICAL SCIENCES 

Mild hyperthermia inhibits homologous recombination, 
induces BRCA2 degradation, and sensitizes cancer cells 
to poly (ADP-ribose) polymerase-1 inhibition 

Przemek M. Krawczyk, Berina Eppink, Jeroen Essers, Jan Stap, 
Hans Rodermond, Hanny Odijk, Alex Zelensky, Chris van Bree, 
Lukas J. Stalpers, Marrije R. Buist, Thomas Soullié, Joost Rens, 
Hence J. M. Verhagen, Mark J. O'Connor, Nicolaas A. P. Franken, 
Timo L. M. ten Hagen, Roland Kanaar, and Jacob A. Aten 

(2011) PNAS 108:9851-9856 


Crass IIT: ENGINEERING AND APPLIED SCIENCES 

The Voronoi Implicit Interface Method for computing 
multiphase physics 

Robert I. Saye and James A. Sethian 

(2011) PNAS 108:19498-19503 


PNAS 
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Cass IV: BIOMEDICAL SCIENCES 

Masking the 5’ terminal nucleotides of the hepatitis C 
virus genome by an unconventional microRNA-target 
RNA complex 

Erica S. Machlin, Peter Sarnow, and Selena M. Sagan 

(2011) PNAS 108:3193-3198 


Crass V: BEHAVIORAL AND SOCIAL SCIENCES 

The long shadow cast by childhood physical and mental 
problems on adult life 

Alissa Goodman, Robert Joyce, and James P. Smith 

(2011) PNAS 108:6032-6037 


Cass VI: APPLIED BIOLOGICAL, AGRICULTURAL, AND 
ENVIRONMENTAL SCIENCES 

Conditions associated with protected area success in con- 
servation and poverty reduction 

Paul J. Ferraro, Merlin M. Hanauer, and Katharine R. E. Sims 
(2011) PNAS 108:13913-13918 


Podcast interviews with the authors will be 
available at www.pnas.org/podcasts. 
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In science there are always essential steos in any workflow. Accurate 
measurements of DNA, RNA and protein samples are critical for confidence in 
QPCR, sequencing, microarrays or bioproduction, but there's a better alternative 
to the time and complexity of conventional methods. Using minimal sample 
(0.5 — 2.0 uL), Thermo Scientific NanoDrop instruments make concentration 
and purity analysis so incredibly easy, and so much faster, you won't notice 
this step on the way to your ultimate discovery. 


NanoDrop™ Lite 
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simplify 


e Realize the difference. 
Try any NanoDrop instrument for FREE. 
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of basal oxygen consumption, glycolysis rates, ATP turnover and respiratory capacity in a single experiment to 
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See what's possible. 
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Japanese academic reforms over the last decade have 
encouraged entrepreneurship and technology transfer 
from universities to industry. These reforms are now 
yielding results. Science and business leaders hope 
these changes push Japan into the next phase of 
innovation development, with increased flexibility and 
transparency, a more global focus, and more national 
and international collaboration. Although recovery and 
reconstruction are priorities, the long-term goals of 
developing sustainable energy sources and solving the 
health challenges of an aging population continue to be 
major focus areas. 
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Innovation in Japan 
Results from Reforms 


Japanese academic reforms over the last decade have 
encouraged entrepreneurship and technology transfer from 
universities to industry. These reforms are now yielding results. 
Science and business leaders hope these changes push 
Japan into the next phase of innovation development, 
with increased flexibility and transparency, a more 
global focus, and more national and international 
collaboration. Japanese scientists are ready. 
After delays caused by the March 2011 triple 
disaster of earthquake, tsunami, and nuclear 

power plant failure, the lights are on again 

in Japanese research laboratories. Although 

recovery and reconstruction are priorities, 

the long-term goals of developing sustainable 
energy sources and solving the health 
challenges of an aging population continue to be 
major focus areas. By Chris Tachibana 


he Japanese government wants practical, globally 

useful applications from its science programs, and the 

sooner the better. “We intend to have societal or eco- 

nomic impact more clearly and more quickly—that is our 
aim,” says Michiharu Nakamura, president of the Japan Science 
and Technology Agency (JST), an independent organization 
within the Ministry of Education, Culture, Sports, Science 
and Technology (MEXT). “We’re trying to find new capabilities 
from basic research as soon as possible, and transfer technol- 
ogy sooner.” 

Using science and technology to address societal challenges is 
the theme of the Fourth Basic Plan for Science and Technology, 
a roadmap for Japanese science in 2011-2015 from Japan’s 
Council on Science and Technology Policy. The plan was passed 
by the Japanese cabinet in August 2011 after revisions to include 
reconstruction and recovery strategies for the March 2011 earth- 
quake and its consequences. However, a core focus on address- 
ing the need for sustainable energy and the medical issues of an 
aging population remains unchanged. The sense that science 
and technology could drive a return to global economic competi- 
tiveness is clear. 

“Japan is moving toward exploiting innovations more efficient- 
ly, and the earthquake is not going to stop that,” says Richard 
B. Dasher. He is director of the Stanford University US-Asia 
Technology Management Center and knows both Japan and 
earthquakes. He was the first non-Japanese person in senior 
university governance, at Tohoku University, and remembers 
the decade of rebuilding at Stanford after the 1989 Loma Prieta 
earthquake. Dasher says true innovation means bringing an idea 
into real-world practice, but turning a research breakthrough into 
a global application requires the combined efforts of industry and 
university research, typically funded by the government. How- 
ever, after World War II, Japanese universities and industry had 
an aloof relationship. Industry researchers maintained personal 
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“We have many good 
engineers working on 
photovoltaics. And people 
are even more concerned 
about energy after the 
Fukushima nuclear power 
plant disaster.” 


contacts with their former university mentors, but professors 
were civil employees, which limited their entrepreneurial possi- 
bilities and hindered technology transfer. Until recently, funding 
for academics and industry was siloed in separate government 
agencies, MEXT and the Ministry of Economy, Trade and Indus- 
try (METI). However, a 1998 law created technology-licensing 
organizations— essentially technology transfer departments—to 
move basic research results into applications. In 2004, a change 
in intellectual property law freed professors to start companies. 
Educational and research institutions, industry, and government 
are still adjusting, but Dasher believes Japan is on the brink of a 
more mature phase in innovation development, saying, “It feels 
like a glacier about to calve: you can see the cracks and splits 
and see it is just about to go.” 


THE NEW INNOVATION MODELS 

Satoshi Kawata is a professor at Osaka University and director 
of the Photonics Advanced Research Center, and a chief scientist 
at RIKEN, a MEXT research institute. He took advantage of the 
new laws to found Nanophoton, with 13 full-time employees, 
including eight Ph.D.s. Nanophoton produces laser Raman 
microscopes, which generate images based on energy shifts that 
occur in laser photons when they interact with molecular bonds. 
The technique identifies molecules based on distinct laser- 
scattering patterns and creates images of biological continued> 
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Astellas Pharma-Kyoto University Project (the AK Project) 


The Center for Innovation in Immunoregulative Technology and Therapeutics 


Supported by the “Formation of Innovation Center for Fusion of Advanced Technologies Program” 


“The Center for Innovation in Immunoregulative Technology and Therapeutics (AK Project)” established in 2007 by Kyoto University 
and Astellas Pharma and supported by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) aims to make 
innovative therapeutics to overcome intractable diseases in immunology area, that is, allergy, autoimmune diseases, chronic 
inflammation, cancer and infection. We have the Fusion Laboratory in Kyoto University Medical School Campus, where 16 young 
principal investigators work independently under the leadership of three key researchers, Professors Shuh Narumiya, Nagahiro Minato 
and Shimon Sakaguchi. A prominent feature of the AK Project is integration of clinical science in drug discovery and development. To 
synergize each expertise interdisciplinary, basic scientists, clinicians and Astellas scientists form clusters in the Fusion Laboratory for 
each of target diseases. They share clinical information and sample, knowledge of molecular mechanism and drug discovery skills. Our 
purpose in the project is to carry out excellence of science and drug discovery at the same time, which is facilitated by IP managers of the 
AK Project. We have successfully discovered 15 drug targets, filed 19 patent applications and published more than 150 scientific papers 
in four years. We welcome participation of young scientists in our Project. 


Best Drugs on Best Science 


ei i maT 


Contact: E-mail: akpro@ak. -kyoto-u.ac.jp = URL: http://www.ak.med.kyoto-u.ac.jp/ 


Medical Innovation Center at Kyoto University School of Medicine 


~Opportunities to Open Innovation for Drug Discovery ~ 


The Kyoto University Medical Innovation Center (MIC) established in 2010 offers the pharmaceutical company an opportunity for a 
one-to-one institution-level collaboration for drug discovery and development in a specific disease area. MIC aims to identify drug 
targets that are truly useful in clinical practice, using various technology platforms to analyze the highly accurate patient information and 
clinical samples available through the university's medical school and university hospital, and linking the clarification of the basic 
structure and mechanism of living organisms—a tradition at the Kyoto University Medical School—with the analysis of human disease 
mechanisms. Under our alliance with a company, we assign appropriate professor(s) of our Medical School as a project leader, recruit 
young distinguished scientists worldwide, and provide a laboratory where basic medical scientists, company scientists and clinicians 
work together by sharing clinical samples and information and the company’s technology for drug discovery. We can also conduct Phase 
I and Ila clinical trials for proof of concept at the Translational Research Center of our hospital. Each project is managed under the equal 
partnership between academia and company, and scientific inputs, outputs, knowledge and intellectual properties are shared with both 
parties. In addition to the forgoing AK Project, we started three projects of alliance with Japanese pharmaceutical companies in 2011 at 
MIC; the TK Project with Takeda Pharmaceuticals on obesity and schizophrenia, the DSK Project with Dainippon-Sumitomo 
Pharmaceuticals on cancer, and the TMK Project with Mitsubishi-Tanabe Pharmaceuticals on chronic kidney disease. We welcome 
proposals from any pharmaceutical companies on new areas. 


MIC building will be completed in March, 2013, supported seone@a, 
by the Ministry of Economy, Trade and Industry (METI). 


Meécdoucal Innovwslian Canter 


Contact: The Office of Promotion for Medical Innovation 
E-mail: kumbl-mi@office.med.kyoto-u.ac.jp = URL: http://www.med.kyoto-u.ac.jp/mic/ 


WPI-Advanced Institute for Materials Research 
ADVANCING MATERIALS TO 
BUILD A BETTER FUTURE 


The top-class international researchers at WPI-AIMR are adding new 
dimensions to the rapidly growing field of materials science — developing 
innovative functional materials and devices. 

WPI-AIMR was established at Tohoku University in 2007 under the 
Japanese Ministry of Education, Culture, Sports, Science and 
Technology (MEXT)’ s World Premier International Research Center 
Initiative (WPI). 

The interdisciplinary research vigorously conducted there is based on 
atomic and molecular control. 

Currently, interdisciplinary fusion research is accelerated with 
mathematics as a catalyst so as to elucidate common principles. 
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Administrative Office : wpi-int@wpi-aimr.tohoku.ac.jp 


i 


; dual Workshop 


New Director 
From April 2012 
Motoko Kotani 


Mathematician; leader of 
the interdisciplinary 
research between math 
and materials science in 
Japan. 
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2DG Glucose Uptake Assay 


Sensitive, accurate, and safe measurement of glucose uptake (2DG) by cultured 
cells is now available to any laboratory. No radiation permit required ! 
The Glucose Uptake Assay Kit from Cosmo Bio features: 


¢ Picomole sensitivity yy 5 nnd 
e Advanced recycling enzymatic amplification 454” a 
* Photometric detection (420nm) o« Tr ode 

¢ No wash, automation friendly assay protocol = a = 


¢ Optimized for 96-well culture plates 
¢ Needs no correction for extracellular 2DG 
|_| 
www.cosmobio.com 


CREDIT: NANOPHOTON 


Produced by the Science/AAAS Custom Publishing Office 


samples that show both structure and molecular composition. 
Nanophoton’s microscopes are used in pharmaceutical research 
to study small molecules and in materials science to analyze 
polymers and semiconductors. 

A recent collaboration with Mikiko Sodeoka, chief scientist and 
director of the Synthetic Organic Chemistry Laboratory, RIKEN 
Advanced Science Institute, and director of the JST ERATO 
Live Cell Chemistry Project shows the technique’s potential. In a 
2011 Journal of the American Chemical Society article, the group 
showed that an alkyne—just two carbon atoms in a triple bond— 
acted as a Raman tag. The alkyne could replace bulky fluores- 
cent tags or proteins currently used for imaging, whose large size 
can change the properties, localization, and function of smaller 
biomolecules. “We looked for a method using a tiny tag that does 
not affect the biological profile of the small molecule,” says Sode- 
oka. “We had the idea that we could detect the alkyne directly by 
Raman microscopy.” Putting an alkyne on a nucleotide analog 
allowed visualization of chromosomes in unfixed, unstained liv- 
ing cells without interference from untagged endogenous pro- 
teins and other biomolecules. Sodeoka says the ultimate goal is 
real-time continuous imaging, for example for detecting transient 
interactions between receptors and ligands. 

Policy changes that encouraged professors to commercialize 
innovations are the reason his company exists, says Kawata, 
adding that he wants Nanophoton “to be an example of suc- 
cess.” Nanophoton, which rents space on campus, gives stu- 
dents hands-on entrepreneurial experience. “Students are 
happy to earn money here doing development, English trans- 
lation, and product assembly rather than working at McDon- 
ald’s, because they learn things about running a company,” 
says Kawata. 

In contrast to Nanophoton’s nano-sized innovation model is 
a collaboration between electronics and communications giant 
Fujitsu and the University of Tokyo’s Research Center for 
Advanced Science and Technology (RCAST). Their drug dis- 
covery project shows how the resources of a large industry part- 
ner can be applied to basic research. Drug discovery begins with 
a target protein that might be regulated through small molecule 
binding. For example, statin drugs bind and inhibit an enzyme in 
cholesterol production to lower blood cholesterol. Traditionally, 
small molecule drugs are found by wet-lab screening of chemical 
libraries for compounds that bind and regulate the target. This 
can be a hit-or-miss process that takes years. Sophisticated 
computer simulations can design molecules that interact with the 
target, accelerating this process and expanding candidate pos- 
sibilities. However, they require tremendous computer power. In 
2004, Fujitsu began efforts in information technology (IT)-based 
drug development, based on 20 years of creating computational 
chemistry software. In 2010, a supercomputer for IT-based drug 
discovery was built at RCAST. 

The project is funded by Fujitsu, and its goals, says Shunji 
Matsumoto of the Fujitsu Bio-IT Business Development Unit, 
are “building the platform, training our team, and getting high- 
ly available compounds as drug candidates.” Fujitsu will have 
the intellectual property license for potential drug candidates. 
Matsumoto says that IT-based drug design requires supercom- 
puter power because even highly specific compound-target 
interactions can be transient, dissociating in nanoseconds, 
and are complicated by the water-based physiological environ- 


LIFE SCIENCE TECHNOLOGIES 


Innovation in Japan 


Graphene Raman Image 


“We had the idea that we could detect the 
alkyne directly by Raman microscopy.” 


ment. The Fujitsu-RCAST supercomputer overcomes these 
challenges by rapidly modeling thousands of compounds in 
various bound and unbound states to find the most promis- 
ing candidates. The first targets of the project are in diabetes 
and cancer. 

Academic-industry relationships are not new in Japan, al- 
though the old-school style is a professor handing off a basic 
research idea to a company. The new model, encouraged by JST 
and other funding agencies, is much more collaborative. An ex- 
ample is the AK project between Astellas Pharma and Kyoto 
University, started in 2007 and funded by MEXT and Astellas. 
The budget was 600 million yen ($7.8 million) in the first three 
years, with 4 of 10 initial projects selected to continue with 1,400 
million yen in support annually. Although Kyoto University’s most 
famous discovery might be the 2006 publication of induced plu- 
ripotent stem (iPS) cells, immunology and antibody therapy have 
long been a research focus in Japan, particularly at Kyoto Uni- 
versity. The AK project builds on this tradition. After just three 
years, the project had discovered 14 potential drug targets in B 
cell development, immune tolerance, and atopic dermatitis, and 
filed 18 patent applications. 

Shuh Narumiya, professor of pharmacology and director of the 
Medical Innovation Center and the AK Project, Kyoto University 
Graduate School of Medicine, says that in addition to seeking sci- 
entific innovations, the project employs a novel research strategy 
for Japan, giving young investigators autonomy to try a variety of 
approaches. From the company side, the level of integration with 
the university is unusually extensive, says Toichi Takenaka, pro- 
fessor, Graduate School of Pharmaceutical Sciences, Chemical 
Biology, University of Tokyo, and Astellas Pharma president and 
board chair until his retirement in 2011. “The AK project has its 
own research laboratories on the medical school campus, with 
basic research scientists from the university and drug discovery 
scientists from Astellas working with clinical research scientists 
from clinical departments,” says Takenaka. He says advantages 
of the collaboration are fast decision-making, a focus on the most 
important projects, an uninterrupted pipeline from target discov- 
ery to drug development, and productive management of intel- 
lectual property. 


FIGHTING CHERRY PICKING 

AND THE GALAPAGOS EFFECT 

A problem with exclusive company-university partnerships such 
as the AK project or the Fujitsu-RCAST collaboration is that 
potential innovations are controlled by a single continued> 
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FEATURED PARTICIPANTS 


Astellas Pharma 
www.astellas.us 


Nanophoton 
www.nanophoton.jp/eng/ 
- index.html 

Fujitsu 

www. fujitsu.com/global Osaka University 


www.osaka-u.ac.jp/en 


RCAST, University 
of Tokyo 
www.rcast.u-tokyo.ac.jp/en 


RIKEN 
www.riken.jp/engn/index. 
html 


Japan External Trade 
Organization (JETRO) 
www.jetro.org 


Japan Science and 
Technology Agency 
www.jst.go.jp/EN/index.html 


Japan Society for the 
Promotion of Science 
www.jsps.go.jp/english/ 
index.html 


Sharp Solar 
www.sharpusa.com/ 
SolarElectricity.aspx 


Smart Solar International 
www.smart-solar-inc.com 


Stanford US-Asia 
Technology 
Management Center 
www.asia.stanford.edu 


Kyoto University 
www.kyoto-u.ac.jp/en 


Ministry of Education, 
Culture, Sports, Science 
and Technology (MEXT) 
www.mext.go.jp/english 


company, which might develop only a few, rather than the range 
of applications possible from basic research, says Robert Kneller 
of RCAST, who has written extensively on this issue. Although 
Narumiya says the AK project allows outside licensing of 
intellectual property that Astellas is not interested in developing, 
Kneller says that exclusive partnerships tend to cut projects that 
don’t show tangible results early, hindering blue-sky research 
that takes longer to develop. The arrangement results in cherry 
picking of a few ideas by industry. “Big companies might develop 
one aspect of a discovery, but not the full panoply of applications, 
and discoveries can get lost,” says Kneller. Another issue in 
Japanese innovation is the Galapagos effect: discoveries are 
often adapted only for the island nation of 127 million people. 
Those that are successful globally—for example in electronics— 
are useful to other countries incidentally rather than by design. 
Technology analysts think that both the limitations of exclu- 
sive partnerships and the Galapagos effect can be overcome if 
Japanese research and development embraces openness and 
flexibility. Changing the old attitudes and infrastructure might in- 
crease the productivity and efficiency of innovation development. 
Examples include encouraging job market mobility, foreign ex- 
change programs, expanded interdisciplinary and international 
collaborations, and education in global entrepreneurial thinking. 
A global technology field with a natural opening for Japan is 
photovoltaic cells, the units of solar panels that convert light en- 
ergy into electricity. Renewable energy is needed worldwide and 
Japan has strengths in materials science and a commitment to 
green technology, with government support for sustainable ener- 
gy development since the 1970s. More recently, the Japan Soci- 
ety for the Promotion of Science, an independent organization 
under MEXT that promotes scientific programs, gave $40 million 
through its $1.5 billion Funding Program for World-Leading In- 
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novative R&D on Science and Technology (FIRST) program to 
Hiroshi Segawa of RCAST for a project on photovoltaics that use 
organic molecules and polymers as light-absorbing components. 
These have a high capacity to absorb light, although they are 
currently less stable and less efficient than inorganic materials 
such as silicon. 

Organic photovolatics may or may not be the future, but so- 
lar energy remains a high priority in Japan, says Toshiro Mat- 
suyama, who was the manager, Corporate Advanced Technol- 
ogy Planning Corporate Research and Development Group at 
Sharp. “We have many good engineers working on photovol- 
taics. And people are even more concerned about energy after 
the Fukushima nuclear power plant disaster.” Matsuyama is cur- 
rently technical advisor at Smart Solar, a three-year-old spin-off 
company from the University of Tokyo that is developing concen- 
trated photovoltaic systems that convert optically concentrated 
solar light to electricity. Current solar energy systems tend to be 
made for huge spaces like U.S. deserts, or on a small scale, for 
Japanese rooftops. However, solar panels are a scalable tech- 
nology, so Japanese advances can be applied to big systems. 
Japan could also lead in developing sophisticated, application- 
specific systems to optimize solar power use, says Matsuyama, 
because “extending the power from a rooftop to a household, or 
from a desert to a city is different. This is the direction solar is 
going, partly in developing materials, partly in how you use the 
power.” Matsuyama says he hopes the next innovations come 
from Japan. The country has large corporations with a history 
of spending for decades, if necessary, to develop new technol- 
ogy, he says, citing Sharp’s 30-year development of liquid-crystal 
display (LCD) television, starting with applying the technology to 
small-screen electronics. 


TRANSFORMATIONS LEADING 

TO THE NEXT INNOVATION PHASE 

The push to redefine industry-academic partnerships and in- 
crease technology transfer comes as the labor market is trans- 
forming. Unlike previous generations, young people no longer 
expect lifetime employment at a single institution. As Japan’s 
population ages, the number of immigrant students and workers 
is expected to rise, which could add diversity and new ideas to 
research and corporate teams. This feels unsettling, but is ulti- 
mately beneficial, says Stanford’s Dasher, who thinks research 
and development in Japan “has been a little too stable. We 
should see changes over the next 10 to 20 years as pressure for 
these changes is applied.” 

For those seeking calm after the 2011 disasters though, 
Kenichi Kawamoto, executive director of the Japanese Exter- 
nal Trade Organization (JETRO) New York has a reassuring 
message. “The earthquake was a tragic event,” he says, “but I’m 
proud of the Japanese people for recovering quickly. It shows 
that they should be confident that they can make a contribution to 
the global market and society.” The earthquake itself might have 
created the path for these contributions. Says JST’s Nakamura, 
“We received very warm sympathy and support from other coun- 
tries. We will never forget that support.” 


Chris Tachibana is a science writer based in Seattle, USA, 
and Copenhagen, Denmark. 
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KYUSHU UNIVERSITY Caden 


INTERNATIONAL INSTITUTE FOR CARBON-NEUTRAL ENERGY RESEARCH 


The International Institute for Carbon-Neutral Energy Research (PCNER) at Kyushu University, Japan is 
actively seeking candidates for open-rank faculty and post-doctoral research associates. 


OUTLINE 

The International Institute for Carbon-Neutral Energy Research (PCNER) is a member of the World Premier International Research 
Center Initiative established by the Japanese Ministry of Education, Culture, Science and Technology (MEXT). Faculty members 
and researchers associated with P’CNER are dedicated to the Institute’s mission to contribute to the creation of a sustainable and 
environmentally friendly society by advancing fundamental science to reduce CO, emissions and the realization of a hydrogen 
economy. The ITO Campus of the Kyushu University houses extensive state-of-the-art experimental and computational facilities. 


QUALIFICATIONS & CURRENT OPENINGS 

All faculty members are expected to initiate and sustain vigorous research programs that both advance and are relevant to the 
P?’CNER’s mission. Candidates for senior faculty positions must have achieved national and international recognition for their research 
accomplishments. Post-doctoral research associates will join research groups relevant to their field of expertise and education. 


1. PCNER is seeking candidates with experimental or computational expertise in the physics, chemistry, 
mechanics, and materials science aspects of: 

Hydrogen embrittlement (Mechanics, Fatigue and Fracture, Materials, Tribology ) 
Chemistry for efficient material transformation 
Basic science issues underlying CO, separation/concentration 
Applied (and/or basic) science issues underlying geologic/sub-seabed/ocean CCS (CO, capture and storage ) 
Thermophysical properties, heat and mass transfer, thermal engineering for highly efficient energy utilization 
Solar/Chemical hydrogen production (including steam electrolysis) 


2. PCNER is also accepting applications in the Energy Analysis research area. Emphasis will be given to the potential costs and use 
of low carbon energy systems to meet the future energy demand. 


REQUIRED APPLICATION MATERIALS* 
1. Cover Letter 
2. Application Form (located on website) 
3. Curriculum vitae that details research experience and interests 
4. Research Proposal 
a. NOTE: Proposal templates vary depending upon interest area. Specifically, use template #1 for all interest areas except 
Energy Analysis and #2 for Energy Analysis. 
5. List of publications 
a. Separate lists for refereed journal and conference proceedings. 
6. Names and contact information of four references 


*All materials must be submitted in English. 


Sacary & STARTING DATE 
Salary will be commensurate with qualifications and experience. The starting date will be as soon as possible after the closing date. 


APPLICATION DEADLINE 
« Wednesday, June 6, 2012, 17:00 (Japan) 
¢ Interviews may take place prior to closing date; however, no final decisions will be made until after this time. 


APPLICATION SUBMISSION 
Please email your application via email attachment to: wpi-office@i2cner.kyushu-u.ac.jp 


QUESTIONS? 
Please contact the PCNER Administrative Office at: wpi-office@i2cner.kyushu-u.ac.jp 
International Institute for Carbon-Neutral Energy Research (I?CNER) 
Kyushu University 
744 Motooka, Nishi-ku, Fukuoka 
Postal Code 819-0395, JAPAN 
TEL: +81-(0)92-802-6932 FAX: +81-(0)92-802-6939 


For More INFORMATION 
http://i2cner.kyushu-u.ac.jp/en/recruit/recruit.php 


Kyushu University is an Equal Opportunity/Affirmative Action Employer. The administration, faculty and staff embrace diversity 
and are committed to attracting qualified candidates who also embrace and value diversity and inclusivity. 
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UV-VIS SPECTROPHOTOMETERS 


New Products 


The compact UV-2600 and UV-2700 UV-Vis spectrophotometers feature advanced optical sys- 
tems and “Lo-Ray-Ligh” diffraction gratings. The new spectrophotometers substantially reduce 


stray light, enabling confident and convenient use for routine analysis and demanding research 
applications. With its double monochromator design and Lo-Ray-Ligh diffraction gratings, the UV- 
2700 achieves ultralow stray light of 0.00005%T at 220 nm. Its photometric performance range 
has been expanded to 8 Abs, with a transmittance value of 0.000001%. This eliminates the need 
to dilute samples and allows the measurement of low transmittance samples. Equipped with a 
single monochromator, the UV-2600 features a measurement wavelength range to 1,400 nm, 
using the ISR-2600Plus two-detector integrating sphere. This ultrawide range permits measure- 
ments in the near-infrared region, and expanded research of photovoltaics and other materials. 
The UV-2600 also features the Lo-Ray-Ligh gratings for high efficiency and low stray light levels. 


Shimadzu Scientific Instruments 
For info: 800-477-1227 | www.ssi.shimadzu.com 


BENCHTOP XRD INSTRUMENT 

The new fifth generation MiniFlex is a general purpose X-ray dif- 
fractometer that can perform qualitative and quantitative analysis of 
polycrystalline materials. MiniFlex is now available in two variations. 
Operating at 600 watts (X-ray tube), the MiniFlex 600 is twice as 
powerful as other benchtop models, enabling faster analysis and im- 
proved overall throughput. Running at 300 watts (X-ray tube), the 
new MiniFlex 300 does not require an external heat exchanger and 
thus requires even less space. The new MiniFlex delivers speed and 
sensitivity through innovative technology enhancements such as the 
optional D/teX Ultra high speed detector coupled with the new 600 
W X-ray source. The optional graphite monochromator, coupled with 
the standard scintillation counter, maximizes sensitivity by optimizing 
peak-to-background ratios. If resolution is paramount, incident and 
diffracted beam slits can be selected to provide the desired resolu- 
tion. For high sample throughput, MiniFlex is the only benchtop XRD 
system with an available sample changer. 

Rigaku 

For info: 281-362-2300 | www.rigaku.com 


3-D HIGH CONTENT IMAGING PLATFORM 

Designed for demanding high content assays and cell biology chal- 
lenges, the new ArrayScan Infinity HCS Reader has 3-D imaging 
capability and features the latest in variable pin-hole confocal tech- 
nology, solid-state LED illumination, live-cell and label-free capabili- 
ties, coupled with best-in-class image analysis and bioinformatics 
software. The instrument’s integrated confocal module features the 
latest high speed Nipkow spinning disk technology and a variable 
pinhole to give finer control over image acquisition across a range of 
objectives (magnifications), compared to traditional confocal (fixed 
pin-hole) technology. The confocal module has a four-color LED 
Light Engine, bringing robust, laser-like performance without the 
complications and cost of lasers or the need for alignment of cam- 
era, confocal, and laser. The ArrayScan Infinity HCS Reader is also 
coupled with enhanced Thermo Scientific iDev Workflow software 
for multidimensional analysis. Multiple projection options for image 
analysis and the ability to save the stack of images to create 3-D 
movies enable complex 3-D structures to be imaged more clearly. 
Thermo Fisher Scientific 

For info: 800-432-4091 | www.thermoscientific.com 


CRYOGENIC STORAGE RACK 

The durably constructed, thick-walled Arctic Rack-24 is a new rack 
and cover that enables high integrity sample storage at ultralow 
(cryogenic) temperatures over extended periods of time. The Arc- 
tic Rack-24 is designed to accommodate 24 high volume (6.00 mL 
or 7.50 mL) Micronic storage tubes in an automation-friendly SBS 
footprint. A special cover enables the Arctic Rack-24 to be securely 
locked ensuring high sample security during transport or storage. 
The Arctic Rack-24 may be autoclaved several times providing con- 
siderable cost savings over consumable sample storage products. 
Absolute traceability and reproducibility on the Arctic Rack-24 are 
ensured through alphanumeric visual location aids and laser en- 
graved barcodes on two sides of the rack plus rack foot mounting 
points. The open bottom design of the Arctic Rack-24 facilitates quick 
defrosting of samples. The Arctic Rack-24 with covers are stackable, 
enabling conservation of valuable storage space within freezers or 
during transport. 

Micronic 

For info: +31-320-277070 | www.micronic.com 


MICROPLATE WASHER 

The new 405 Touch Microplate Washer has a high resolution, LED 
backlit touchscreen interface that provides intuitive and flexible pro- 
tocol creation and implementation and instrument maintenance, 
and supports all gloved environments. Additionally, two integrated 
flash drives enable convenient file storage, transfer, and operation. 
Instructional videos provide clear direction on instrument setup and 
basic use, and the context-sensitive help system, complete with rec- 
ommendations, diagrams and images is available at the touch of a 
finger. The 405 Touch maintains the same features as the ELx405 
washers, including 96- and 384-well compatibility, Dual-Action mani- 
fold, patent-pending Ultrasonic Advantage and vacuum filtration and 
biomagnetic separation for bead-based assays. All models include 
automated internal buffer switching, quick release manifolds, and 
optimized cell washing with gentle, low-flow rates ideal for loosely 
adherent cell monolayers. The 405 Touch is powered by Liquid Han- 
dling Control software, and can be coupled with the BioStack Micro- 
plate Stacker for unattended batch processing. 

BioTek Instruments 


For info: 888-451-5171 | www.biotek.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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FIND THE CONNECTIONS 
AND YOU’LL FIND THE SOLUTIONS 


Mapping the genetic linkages among diseases can advance whole categories of medical 
research—just one example of how Northeastern University’s world-leading Center for Complex 
Network Research connects the dots on the global challenges of our time. 


Our broad range of interdisciplinary research turns discoveries into practical solutions, 
with a focus on global challenges in health, security, and sustainability. 


northeastern.edu/research 
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R&D Systems Tools for Cell Biology Research” 


R&D Systems Proteome Profiler’ Antibody Arrays 


Proteins 
e 
wae! Tired of Western Blots for 
_ Signal Transduction? 
Assay Services g ° 
MultiAnalyte Profiling Arrays are comprised of a nitrocellulose membrane pre-spotted in duplicate with a series of capture antibodies. 
Simply incubate the membrane with cell lysates, then detect phospho-proteins as you would a Western blot using 
Activity Assays the included detection antibody and chemiluminescence. 
Stem Cells ae 
Y No gel to run and no proteins to transfer — \ inne 
ELSpOuNS / Simultaneously measure up to 59 phospho-proteins | Pestonansbot 
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IGF-I-Induced Kinase Phosphorylation 
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Kinase phosphorylation measured using the Proteome Profiler MAPK Array (Catalog # ARY002B). MCF-7 cells were treated with IGF-I 
(Catalog # 291-G1). The Pl 3-Kinase inhibitor LY294002 (Catalog # 1130) suppresses the phosphorylation of kinases in the PI 3-K/Akt signaling pathway. 


For more information, visit our website at www.RnDSystems.com/ProteomeProfiler 


For research use only. Not for use in diagnostic procedures. 
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Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


UNITED STATES & CANADA 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 

Midwest/West Coast/ 
South Central/Canada 
Phone: 202-326-6577 


Elizabeth Early 
East Coast & Corporate 
Phone: 202-326-6578 


Marci Gallun 
Sales Administrator 
Phone: 202-326-6582 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE & REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Simone Jux 
Phone: +44 (0)1223 326529 


Lucy Nelson 
Phone: +44 (0)1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


JAPAN 

Yuri Kobayashi 

Phone: +81-6-6627-9250 
E-mail: ykobayas@aaas.org 


CHINA & TAIWAN 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 
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DREXEL UNIVRESLTY 
COLLEGE OF MEDICINE 


OPES I ES oe Ee De PAS 


Tenure Track Faculty Positions 
Cardiovascular and/or Renal Physiology 


The Department of Pharmacology and Physiology at Drexel University College of Medicine invites 
applications for tenure-track positions at the Assistant or Associate Professor level. This initiative 
continues our effort to attract an exceptional and diverse faculty to contribute to the overall scientific 
and translational growth of the University. We are particularly interested in outstanding candidates 
with strong research interests in cardiovascular and/or renal physiology. Candidates are expected to 
establish or continue active extramurally-funded research programs and to participate in the teach- 
ing of medical and graduate students. Competitive start-up packages will be available to facilitate 
transition and productivity. 


Candidates for these positions should possess primary and focused expertise in the designated areas, 
but are expected to embrace a broad, integrative focus with a range of skills, technical expertise 
and a spirit of collaboration. The Department of Pharmacology and Physiology is one of four basic 
science departments within the College of Medicine. Collaborative efforts are strongly encouraged 
within Pharmacology and Physiology, with other basic science and clinical departments, the School 
of Biomedical Engineering and across the University, as well as with other institutions and organiza- 
tions within the Greater Philadelphia Area. 


The Department of Pharmacology and Physiology is in the process of renovating substantial labora- 
tory and support space to accommodate new and existing faculty as part of the overall initiative to 
enhance the research infrastructure and educational strengths. Additionally, a M.S. program in Drug 
Discovery and Development has been established to provide advanced graduate-level training and 
to encourage future collaborations between academia and industry. 


For more information please consult the following the Departmental website (http:// 
www.drexelmed.edu/Home/AboutTheCollege/DepartmentsCentersandInstitutes/BasicScienceDepts/ 
PharmacologyandPhysiology.aspx). Applicants should submit a curriculum vitae, a statement 
describing their current research and future research directions, and the names of three references 
to Carolann.Imbesi@Drexelmed.edu. Review of applications will begin immediately with the 
intent of hiring by the fall of 2012. 


max-planck-institut fur 
neurobiologie 


The Max Planck Institute of Neurobiology (MPIN) in Martinsried near Munich, Germany, is one 
of the leading neuroscience research institutes with about 10 groups conducting cutting-edge 
basic research in molecular, cellular and systems neurobiology. The institute houses state-of- 
the-art facilities and has a lively, highly international atmosphere. 


Scientist & Head 
of the Microscopy Core Facility 


The MPIN invites applications for the position of head of the microscopy facility. 


The core facility currently houses four microscopes for multi-spectral confocal laser scanning. 
It provides high quality service and training for a wide range of users and applications. Re- 
search groups here employ multi-photon microscopy, time-lapse imaging and optogenetics. 


The prospective head of the facility will be responsible for the general management and deve- 
lopment of the facility in accordance with the needs of the MPIN research groups. Main duties 
include training and advising both new and experienced users in a variety of imaging methods 
and assisting the scientists in developing suitable experimental setups. Extensive hands-on 
experience in image acquisition and data processing and outstanding interpersonal skills are 
essential. The head of the facility is expected to develop new and adapt emerging microscopy 
techniques, potentially also as leader of a research unit. A competitive budget will be provided 
to expand the existing instrumentation and support innovative research. 


The Max Planck Society is committed to employing more handicapped individuals and especially 
encourages them to apply. The Max Planck Society seeks to increase the number of women 
in those areas, where they are underrepresented, and therefore explicitly encourages women 
to apply. 

Applications can be sent to 


Max Planck Institute of Neurobiology 
Verwaltung 

Am Klopferspitz 18 

82152 Martinsried 


MAX-PLANCK-GESELLSCHAFT 


ACCELERATE 
YOUR CAREER® 


AT LIFE TECHNOLOGIESCHINA 


—_—— 
Life Technologies is the world’s most innovative biotechnology 
company formed with the merger of Applied Biosystems and 
Invitrogen. If you're thinking about accelerating your career, 
there’s no Better place to do that than in China, the world’s fastest 
growing economy, with a fast growing company. A company of 


people working together to shape discovery and improve life. 


For more information, visit lifetechnologies.com/careers/cn 


technologies” 


- 
= ... Molecular Probes® Novex® TaqMan® Ambion® lon Torrent™ 


online @sciencecareers.org 


DN 
OT 
o 
= 
a 
So) 
Y 
s) 
= 
= 
a) 
7) 


CEMTRE DE tleg 
PSYCHIATRIE ET 24% 
Soeaire Pampl lbes REWOSCMEMDES Fo = z 


Sainte-Anne 


eel!) InSernmn UNIVERSITE 
aslo PARIS DESCARTES 


Director, Centre for Psychiatry and Neuroscience (CPN) 
in Sainte-Anne Hospital, Paris, France 


Inserm, University Paris Descartes (recently identified and funded as one of the 8 French Universities of 
excellence) and Sainte-Anne hospital invite applications for the position of Director of CPN. 


The CPN provides an excellent scientific environment that allows neuroscientists and clinicians to work 
in close proximity to each other, facilitating the path from bench to bedside. It is located in Sainte-Anne 
hospital which has a long record of excellence in psychiatry and clinical neurosciences and attracts 
clinical and basic science students and visiting scholars from around the world. Sainte-Anne hospital 
drains the largest clinical population for psychiatry in France, and for cerebrovascular diseases in the 
Paris area. The CPN is currently home to 80 scientists and investigators, 30 technical support staff 
and 40 trainees, spanning the spectrum from basic to clinical research, particularly in translational and 
biological psychiatry, cerebrovascular sciences, and cognitive neuroscience. Laboratory-based research 
programmes are currently located in a 2,800 Sq-meter building, with in-house molecular and cellular 
biology, imaging, and behavioural facilities and animal house. Laboratories are planned to move into a 
new building of 5,000 Sq Meters, scheduled for occupancy in 2014. Clinical research facilities (including 
biobank, clinical research centre, human brain imaging (1.5 and 3T MR)) are also available. 


The Director will be an eminent scientist, MD, PhD or both, with a track record of excellence in fields 
relevant to psychiatry and/or translational neurosciences, and documented leadership credentials in an 
academic research setting. He/She will serve as Chief Scientific and Executive Officer, with a mandate 
to expand the Centre’s existing strengths, and enhance the international stature of the CPN. He/she will 
be expected in parallel to carry out his/her own research in the Centre, whose facilities will be made 
available. 


Applicants should send an expression of interest, research statement (not exceeding 5 pages), curriculum 
vitae and three letters of recommendation or names of references to maurice.nakache@inserm.fr, at 
Centre for Psychiatry & Neuroscience, 2 ter rue d’Alésia 75014, Paris, France. To receive full 
consideration, applications should be submitted by June 3rd , 2012. Salary and position will be tailored 
to the qualifications of the successful applicant. 


Duke NIED OT AS SCHOOL OF THE = Energy and Environment Hire 


ENVIRONMENT i 


Tenure-track position in the field of Energy and Environment at assistant, associate, or full professor 
level. 


As part of Duke University’s new Energy Initiative, the Division of Earth and Ocean Sciences in the Nicholas 
School of the Environment invites applicants for a tenure-track faculty position at the assistant, associate 
or full professor level in the field of Energy and Environment. The candidate should have a strong science 
or engineering background, an understanding of energy issues beyond his/her area of technical training, 
and the ability and interest to interact with colleagues from a wide spectrum of fields on interdisciplinary 
energy problems. We are particularly interested in candidates who have expertise in energy systems, i.e. 
the integrative use of energy by humans, including energy resources, power generation and distribution, 
energy technologies, and the connection between energy use and climate change. The candidate’s work will 
ideally reflect a long temporal (decadal and greater) and large spatial (regional to global) scale perspective 
on energy systems. 


If a senior candidate is hired, he/she will assume Directorship of the Nicholas School’s Energy & Environ- 
ment Program, which encompasses leadership of the Energy and Environment Concentration in the School’s 
Professional Masters of Environmental Management Program, and leadership roles in Duke University’s 
Undergraduate Certificate in Energy and Environment and in the University’s Gendell Center for Engineer- 
ing, Energy & Environment, the latter two of which are jointly administered by the Nicholas School and 
Duke’s Pratt School of Engineering. The successful candidate will also join the Faculty Advisory Council 
of Duke’s new Energy Initiative. This Council consists of energy experts from across the University and 
is responsible for developing, coordinating, and promoting a shared set of energy courses and programs, 
and energy faculty hiring at Duke. More on the Initiative can be found at energy.duke.edu. The Nicholas 
School focuses on leadership in education, research, and service to understand basic earth and environmen- 
tal processes, to understand human behavior related to the environment, and to inform society about the 
conservation and management of the environment and its natural resources. Research interests within Earth 
and Ocean Sciences and the Nicholas School that will complement this position include climate dynam- 
ics, water resources, land-use change, and environmental science and policy. Additional interactions with 
respect to energy are possible with the Pratt School of Engineering, Trinity College of Arts & Sciences, the 
Fuqua School of Business, the Sanford School of Public Policy, the Law School, and the Nicholas Institute 
of Environmental Policy Solutions. 


Letters of interest should include a curriculum vitae, a statement describing the candidate’s research inter- 
ests and goals as they relate to energy systems, and names of three references. All materials should be sent 
electronically as a single PDF file to Mrs. Mary Anne Perez at maryanne@duke.edu. The search will 
remain open until the position is filled, with a target start date of September 1, 2012. 


Duke University is an Affirmative Action/ Equal Opportunity Employer. 
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(ASE VWVESTERN RESERVE 
URIVEMSET 
VIROLOGY, CANCER VIROLOGY 
ASSISTANT PROFESSOR POSITIONS 
Department of Molecular Biology 
and Microbiology 


The Department of Molecular Biology and 
Microbiology at CWRU School of Medicine 
is continuing its expansion under our Chair, 
Dr. Jonathan Karn. We are currently seeking 
applications for Assistant Professor level 
positions. We encourage applications from 
highly qualified individuals with demonstrated 
experience in the areas of: 
¢ Molecular Virology: Fundamental aspects 
of Virology (e.g. molecular mechanisms 
in viral replication; virus assembly and 
maturation; control of latency; host cell 
interactions; virus entry mechanisms; viral 
diversity and immune evasion). 
Cancer Virology: Basic virology leading 
to a fundamental understanding of the 
molecular basis for tumorigenesis. This 
includes interests in the discovery of new 
human pathogens, viral etiology of cancer, 
viral models for cancer. 


Successful candidates will establish a vigor- 
ous research program, participate in teaching 
activities, and interact productively with a 
nationally-ranked team of basic and clinical 
scientists interested in the overall areas of 
HIV/AIDS and host-pathogen interactions, 
microbiology and infectious diseases. 


We stress excellence in research and in teach- 
ing. Candidates at the Assistant Professor level 
should have a Ph.D., and have completed at 
least 3 years of postdoctoral training, have 
demonstrated a capacity for independent 
research and an ability to attract Federal 
funding. 

In addition to newly refurbished laboratory 
space and a generous start-up package, we 
offer a highly interactive environment with 
exceptional intellectual, infrastructural, and 
administrative support. All candidates should 
have a Ph.D. and relevant post-doctoral experi- 
ence, a record of funding, an active research 
program and a national reputation. Salary will 
be commensurate with experience. 


Please submit an online application includ- 
ing a letter of application, curriculum 
vitae, brief statement of research goals and 
accomplishments, and 3 references as PDF 
files to: Jonathan Karn, Ph.D., Chair; 
Virology Search Committee at: http: 
//sunshine.case.edu/vassistantsearch/ 
index.htm. 


In employment, as in education, Case West- 
ern Reserve University is committed to Equal 
Opportunity and Diversity. Women, veterans, 
members of underrepresented minority groups, 
and individuals with disabilities are encour- 
aged to apply. Case Western Reserve Univer- 
sity provides reasonable accommodations to 
applicants with disabilities. Applicants requir- 
ing a reasonable accommodation for any part 
of the application and hiring process should 
contact the Office of Inclusion, Diversity and 
Equal Opportunity at 216-368-8877 to request 
areasonable accommodation. Determinations 
as to granting reasonable accommodations for 
any applicant will be made on a case-by-case 
basis. 


Senior Research Fellowships 


Senior Research Fellowships in Basic 
Biomedical Science 

Senior Research Fellowships in Clinical Science 
International Senior Research Fellowships 
Senior Fellowships in Public Health and 
Tropical Medicine 


opportunities 


Support provided includes the Fellow’s salary and 
direct research costs for a period of five years in the 


We are now considering applications three times ; 
first instance. 


a year for Senior Research Fellowships to support 
outstanding researchers wishing to build up their own 
independent research groups. 


This year’s deadlines for preliminary applications: 
13 May, 24 September and 10 December 2012. 


For further details and links to the individual Senior 
Research Fellowship schemes: 
www.wellcome.ac.uk/seniors 


Candidates may undertake research across the Trust’s 
scientific remit, from laboratory-based basic research 
to clinical, population and public health studies. 
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W ESPC! call for Application to the ESPCI-ParisTech Director position 


Parislech 


ESPCI is committed, on the one hand, to 
educate students in physics, chemistry and 
biology preparing high-level professions, 
on the other hand to support world-class 
research laboratories. 


The call for applications is international, 
but the candidates should have a good 
knowledge of the French system and 
language. They should also have strong 
education and research experiences at a 
world level, with industrial collaboration 
and a marked interest in innovation. They 
should furthermore have shown their 
ability to take on research or teaching 
responsibilities. Finally, they should be able 
to understand the education and research 
domains of ESPCI. 


During a five-year mandate, renewable 
once, the “Directeur Général” heads the 
different services of ESPCI, the administra- 
tive status of which is a “Régie Admin- 
istrative”. He or she chooses, with the 
agreement of the President of the Board, 
a Director for Education and a Research 
Director. With their help, the “Directeur 
Général” leads on education and research 
policies, in the context of the institution 
rules. For administrative matters, he or she 
is being helped by an Administrative Direc- 
tor. Furthermore he or she is the represen- 
tative of ESPCI in its different projects. In 
particular he or she will have to contribute 
to the creation of the “Paris Sciences et 
Lettres” school of engineering. 


By the end of November 2012 the 
International Scientific Committee of ESPCI 
(ISC) will select a short list of at most five 
candidates. 


The application may be in French or in 
English and should contain a curriculum 
vitae as well as a letter of intent showing 


that the candidate has a good knowledge 
of the institution and has a vision for it. 
It should be sent by e-mail before 
October 31st 2012 to 


The candidate names will be confiden- 
tial until the end of April 2013. Between 
December 2012 and the end of April 2013 
an appropriate hiring package will be dis- 
cussed with each candidate. In any case, 
the position includes the use of an apart- 
ment on the site of ESPCI. 


The first week of May 2013 (May 6th-7th) 
the candidates will be interviewed by the 
ISC, which will then provide the President 
of the Board of ESPCI with a ranked list of 
three names. Subsequently, the President, 
after consulting the Board, will propose 
one name to the Paris City Mayor and the 
Minister of Research and Higher Educa- 
tion of France for an appointment starting 
January 1st 2014. 


Get a Career Plan that Works. 


An exceptional career requires insightful planning and management. 
That’s where Science Careers comes in. From job search to career 
enhancement, Science Careers has the tools and resources to help 


you achieve your goals. Get yourself on the right track today and get a 


real career plan that works. Visit ScienceCareers.org. 
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MAYO 
CLINIC 


Epigenomics Researcher — Center for Individualized Medicine 


online @sciencecareers.org 


Heal the sick, advance the science, share the knowledge. 


The Center for Individualized Medicine at Mayo Clinic is seeking an exceptional Applied Research Scientist (MD and/or PhD) in the field 

of Epigenomics. This “collaborative scientist” position is a permanent investigator position with sustained intramural funding support. The 
Epigenomics Researcher will be expected to develop commercializable epigenetic/epigenomic methodology relevant to the diagnosis, prognosis 
and prevention of human disease. The candidate will be expected to lead and facilitate innovations in his/her area that have commercial value, 
contribute to collaborative, extramurally funded academic research, and support the overall mission and specific research efforts of Mayo 
Clinic’s Epigenomics Translational Program. The candidate will benefit from collaboration with colleagues to utilize the rapidly growing, very 
large body of genomic, transcriptomic, proteomic and metabolomic data from a larger patient population to enhance and complement existing 
strengths in diagnostic test development. Mayo is an ideal environment to build this type of research program as it houses a wide variety of 
specialists who collectively serve a large patient population that offers strong validation and clinical translation opportunities. 


Credentials of a successful candidate will include national recognition and experience in the field, and a strong track record of publication. The 
ideal candidate will have significant experience in intellectual property generation demonstrated by formally issued patent(s), familiarity with both 
regulatory and clinical laboratory processes, and the ability to collaborate successfully with industry, academia and clinical laboratory medicine. 
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Mayo Clinic is a premier academic medical center with over 3,800 physicians and scientists in a unified multi-campus system. This unique 
environment brings together the best in patient care, groundbreaking research and innovative medical education. Mayo Clinic offers a highly 
competitive compensation package with sustained intramural funding, outstanding laboratory facilities, capital 


equipment funding, technical and computational resources, and exceptional benefits. Scan this QR code with 
your smartphone and 
To apply and learn more, please visit www.mayoclinic.org/scientist-jobs/ and reference job posting number begin your job search. 


11168BR. Applications should include a CV and a statement of research interests. Specific questions related to the 
posting should be directed to: 


Jennifer Schilbe, Scientist Recruiter 
Center for Individualized Medicine 
Mayo Clinic 

Email: schilbe.jennifer@mayo.edu 


Mayo Foundation is an affirmative action and equal opportunity educator and employer. Post-offer/pre-employment drug screening is required. 


MAYO 
CLINIC 


Pharmacoepigenomics — Center for Individualized Medicine 


Heal the sick, advance the science, share the knowledge. 


The Center for Individualized Medicine at Mayo Clinic is seeking an exceptional junior to mid-career investigator in the field of Pharmacoepigenomics. 


This “career scientist” position is an institutionally funded investigator position. The Pharmacoepigenomics Researcher will be expected to maintain 

a nationally/internationally recognized, extramurally funded program of pharmacoepigenomics research. The candidate will benefit from collaboration 
with colleagues in the Pharmacogenomics and Epigenomics Translational Programs of the Center for Individualized Medicine and access to a rapidly 
growing body of drug-related genomic, transcriptomic, proteomic and metabolomic data from Mayo Clinic’s large and exceptionally diverse patient 
population. Other major resources available at the Mayo Clinic include one of the NIH-funded Pharmacogenomics Research Network Centers, an NIH- 
funded CTSA and an NIH-funded Comprehensive Cancer Center. 


Credentials of a successful candidate will include a doctoral degree in biomedical sciences (MD and/or PhD, PharmD or equivalents), national 
recognition and experience in the field and a strong track record of publication. Preference will be given to applicants with established research 
programs in any aspect of pharmacoepigenomics including, but not limited to, epigenomics of interindividual variability in drug response, epigenetic 
mechanisms of drug actions and adverse effects, discovery of predictive biomarkers for pharmacotherapy, and epigenetic pharmacology. Early-stage 
investigators with exceptional accomplishments and rigorous training in these areas will also be considered. 


Mayo Clinic is a premier academic medical center with over 3,800 physicians and scientists in a unified multi-campus system. This unique environment 
brings together the best in patient care, groundbreaking research and innovative medical education. Mayo Clinic offers a highly competitive 
compensation package with sustained intramural funding, outstanding laboratory facilities, capital equipment funding, technical and computational 


resources, and exceptional benefits. 
Scan this QR code with 


To apply and learn more, please visit www.mayoclinic.org/scientist-jobs/ and reference job posting number 11746BR. aaa smartphone ae 
Applications should include a CV and a statement of research interests. Specific questions related to the posting should be pe aah eeapieaias 
directed to: 


Jennifer Schilbe, Scientist Recruiter 
Center for Individualized Medicine 
Mayo Clinic 

Email: schilbe.jennifer@mayo.edu 


Mayo Foundation is an affirmative action and equal opportunity educator and employer. Post-offer/pre-employment drug screening is required. 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and opportuni- 
ties they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically for 
scientists. With hundreds of career development articles, a grants and scholarships database, webinars and downloadable 
booklets filled with practical advice, a community forum providing real-time answers to career questions, and thousands of 
job listings in academia, government, and industry, Science Careers has helped countless individuals prepare themselves for 
successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not a member, 
join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers WN AAAS + U = A 
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The EGL Foundation invites you to apply to the Sevilla 201 2 
Gruss Lipper Post-Doctoral O 


Fellowship Program 
Eligibility Congress 


¢ Israeli citizenship & I B Vi B 
¢ Candidates must have completed PhD N 


and/or MD/PhD degrees in the Biomedical 
Sciences at an accredited Israeli = O 
University/Medical School or be in their (ve) 


final year of study 


¢ Candidates must have been awarded a From Single Molecules 
postdoctoral position in the U.S. host To Systems Biology 


research institution. 
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Details regarding the fellowship are available 
at www.egicf.org 
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ul SOUTHWESTERN 


MEDICAL CENTER 
DEAN 


Graduate School of Biomedical Sciences 


Applications are invited for Dean of the UT South- 
western Graduate School of Biomedical Sciences. The 
successful candidate will be an experienced academic 
and accomplished scientist with a documented com- 
mitment to graduate and post-graduate education in 
biological sciences. The Dean will be responsible for 
enhancing all aspects of the Graduate School, includ- 
ing admissions, curriculum, student development, and 
the formation of new interdisciplinary doctoral pro- 
grams that reflect advances in modern research. The 
Dean provides administrative guidance to a staff of 
Associate Deans, Graduate Program Directors, and ad- 
ministrators. The Dean of the Graduate School will 
report to the Vice Provost. 

The UT Southwestern Graduate School of Biomed- 
ical Sciences is ranked in the top 20 programs in the 
nation for biological research by U.S. News & World 
Report. The Graduate School comprises twelve grad- 
uate programs and currently enrolls over 600 doctoral 
students, 1100 postdoctoral fellows and approximate- 
ly 100 undergraduate summer interns. An outstanding 
faculty of Nobel Laureates, members of the National 
Academy, Howard Hughes Medical Institute investi- 
gators, and distinguished researchers and teachers hold 
appointments in the Graduate School. 

Applications should be submitted electronically to 
e-mail: dionne.ware@utsouthwestern.edu and include 
a two-page letter stating the candidate’s qualifications 
and vision for the position, curriculum vitae, and the 
names and contact information of five references. Re- 
view of the applications will begin immediately. 

UT Southwestern Medical Center is an Affirmative Action/ 
Equal Opportunity Employer. 


POSTDOCTORAL FELLOWSHIP 
Brain Plasticity and Metaplasticity 


The Haas Lab in the Brain Research Centre at the 
University of British Columbia in Vancouver CANADA 
is seeking a PDF immediately to identifying and test 
novel molecular mechanisms underlying brain neural 
network structural and functional plasticity and meta- 
plasticity. Techniques include molecular and genomic 
strategies for identifying novel candidates and their 
testing using targeted in vivo transfection, in vivo two- 
photon rapid time-lapse imaging of brain neuronal 
growth and calcium imaging of network function. Ap- 
plications with a Ph.D., a strong background in molec- 
ular techniques, and a publication record in high impact 
international journals should send curriculum vitae and 
names of three references to: Dr. Kurt Haas, e-mail: 
kurt.haas@ubc.ca. 


FACULTY POSITIONS 
Medical School 


The Saint James School of Medicine, an interna- 
tional medical school (website: http://www.sjsm. 
org), invites applications from candidates with teaching 
and/or research experience in any of the basic medical 
sciences for its Caribbean campuses. Senior faculty posi- 
tions are currently available in Pathology. Applicants 
must be M.D., D.O., and/or Ph.D. 

Teaching experience in the U.S. system is desirable 
but not required. Retired persons are encouraged to 
apply. Attractive salary and benefits. Submit curriculum 
vitae electronically to e-mail: mjansen@mail.sjsm.org 
or mail to: HRDS Inc., 1480 Renaissance Drive. 
Suite 300, Park Ridge, IL 60068. 


CAREER OPPORTUNITY—Doctor of Optom- 
etry (O.D.) degree in 27 months for Ph.D.s in sci- 
ence and M.D.s. Excellent career opportunities for 
O.D./Ph.D.s and O.D./M.D.s in research, education, 
industry, and clinical practice. This unique program 
starts in March of each year, features small classes, and 
12 months devoted to clinical care. 

Contact the Admissions Office, telephone: 800-824- 
5526 at the New England College of Optometry, 
424 Beacon Street, Boston, MA 02115. Additional 
information at website: http://www.neco.edu, e-mail: 
admissions@neco.edu. 
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POSITIONS OPEN 


TWO POSTDOCTORAL FELLOWS 
Department of Pharmacology 
Tulane University 


(1) Dr. Prasad V.G. Katakam’s research will focus 
on ischemia-reperfusion injury of heart and the impact 
of insulin resistance on vascular dysfunction. The ap- 
plicant should have significant experience in perform- 
ing ischemia-reperfusion studies of heart involving 
occlusion of coronary arteries in rats and mice. 

(2) Dr. Milton Hamblin’s research will focus on ab- 
dominal aortic aneurysms, diabetes-associated cardio- 
vascular complications, and vascular remodeling-related 
pathophysiology. The applicant should have experience 
in performing procedures on animals, including mini- 
pump implantation, animal tissue dissection/collection, 
administering anesthesia and analgesics, blood collec- 
tion, and some small animal surgery. Experience in mouse 
colony breeding is highly desirable. Also, the applicant 
should have some expertise with immunohistochemical/ 
morphological staining and tissue sectioning. Prefer- 
ence will be given to the applicant with experience in 
conducting standard laboratory techniques, including 
immunoblotting, PCR genotyping, RNA extraction, 
RT-PCR, the use of adenovirus and RNA interference 
methods, and cell culture (isolation and culture of pri- 
mary vascular cells-endothelial cells, smooth muscle 
cells, and fibroblasts). 

Requirements: M.D., D.V.M., Ph.D., or equivalent 
degree with a strong background in cardiovascular bi- 
ology and diabetes research. 

Additional Information: Salary and benefits are com- 
mensurate with NIH guidelines. Applications should 
include a brief cover letter highlighting the applicant’s 
research experience and interests, along with full cur- 
riculum vitae and the names and contact information 
of three references. 

Please submit full curriculum vitae and names of three 
references via e-mail to: Dr. Prasad V.G. Katakam, 
M.D., Ph.D., Assistant Professor, Department of Phar- 
macology, Tulane University School of Medicine, 
1430 Tulane Avenue, SL 83, New Orleans, LA 70112; 
e-mail: pkatakam@tulane.edu; website: http://tulane. 
edu/som/departments/pharmacology/katakam.cfm. 
Please also include a letter that summarizes your future 
research plans. Review of applications will begin imme- 
diately and will continue until the positions are filled. 

Tulane University is an Affirmative Action/Equal Opportu- 
nity Employer. We invite Women and Minorities to apply. 


DIVISION CHIEF for the 
Advanced Network Technologies Division 
Information Technology Laboratory 
The National Institute of Standards and 
Technology 


The National Institute of Standards and Technology 
(NIST), Information Technology Laboratory (ITL) is 
seeking a highly qualified candidate for the position of 
Division Chief for the Advanced Network Technolo- 
gies Division. The Division carries out interdisciplinary 
collaborations with industry, academia, and other gov- 
ernment agencies on the application of measurement 
science for advanced network technologies focused on 
critical national needs including Internet interopera- 
bility, scalability, performance and reliability, wireless 
communications, complex systems and trusted networks, 
public safety communication infrastructure, smart grid, 
and cloud computing. 

Title of Position: Supervisory Computer Scientist, 
ZP-1550-V; Supervisory Electronics Engineer, ZP- 
0850-V; or Supervisory Mathematician, ZP-1520-V. 
Salary Range: $123,758-$155,500. Geographic Loca- 
tion: Gaithersburg, Maryland. Tenure: Permanent. Work 
Schedule: Full Time. Relocation Expenses: Relocation 
expenses are authorized. 

For further information and to apply for this posi- 
tion, visit the website at website: http://www.usajobs. 
gov/GetJob/ViewDetails /313012300. The job an- 
nouncement number associated with this position is 
NISTITL-2012-0019. The vacancy opens March 29, 
2012 and closes April 25, 2012. U.S. citizenship is re- 
quired. The Department of Commerce is an Equal Opportu- 
nity Employer. 


POSITIONS OPEN 


ASSISTANT/ASSOCIATE PROFESSOR in 
Chemical Biology 
Medicinal Chemistry 


The Division of Chemical Biology and Medicinal 
Chemistry in the UNC Eshelman School of Pharmacy 
in cooperation with the Lineberger Comprehensive 
Cancer Center and University Cancer Research Fund 
(UCREF) is seeking to fill a 12-month tenure-track po- 
sition at the rank of Assistant Professor or Associate 
Professor without tenure. The ideal candidate will have 
research interest in the broad area of chemical biology 
and medicinal chemistry with the emphasis on cancer- 
related research. The successful candidate is expected 
to attract NIH funds and develop a research program 
with a national reputation. 

The selected candidate will have appointments in the 
Division of Chemical Biology and Medicinal Chemistry 
and the Center for Integrative Chemical Biology and 
Drug Discovery, and be eligible for membership in the 
Lineberger Comprehensive Cancer Center. 

The qualified candidate must have a Ph.D. degree in 
organic chemistry, medicinal chemistry, biochemistry, 
or a closely related discipline with postdoctoral re- 
search experience. Individuals with interest in chemical 
epigenetics are encouraged to apply. The successful can- 
didate must have a strong track record of publications 
that demonstrates creativity and breadth of experience 
in cancer research. 

Review of applications will begin May 15, 2012. 
Applications should be in PDF format including the 
following items: (1) a cover letter, (2) curriculum vitae, 
(3) the statement of research plan (limited to three 
pages), and (4) the names and contact information 
of four references. Interested applicants should apply 
directly to website: http://jobs.unc.edu/2502676. 
Questions about the position should be directed to 
Gwendolyn Ricks by e-mail. 

CB# 7360, Search Committee, UNC Eshelman 
School of Pharmacy, Gwendolyn Ricks, University 
of North Carolina, Chapel Hill, NC 27599-7360, 
E-mail gricks@unc.edu. 

The University of North Carolina at Chapel Hill is an Equal 
Opportunity Employer. Women, minorities, and individuals with 
disabilities are encouraged to apply. 


THE JOHN CALDWELL MEEKER 
POSTDOCTORAL FELLOW 


Applications are invited for the position of the 
John Caldwell Meeker Postdoctoral Researcher in 
the Department of Geology at The Field Museum. The 
successful candidate will be expected to complement, 
and/or participate in any one of the ongoing research 
programs in the Department of Geology. Research 
projects are being pursued in the areas of Vertebrate 
Paleontology, Invertebrate Paleontology, and Mete- 
oritics. Individual Curators and their research programs 
are featured on the Field Museum website: http:// 
fieldmuseum.org/explore/department/geology. 
Applications will be reviewed both for merit and suit- 
ability with the research and collections strengths of 
the department. Applicants are strongly encouraged 
to contact relevant curators prior to application. 

A Ph.D. in a field of research represented in the De- 
partment of Geology is required. The term for this po- 
sition is for a maximum of two years. The appointment 
is anticipated to begin in the summer of 2012. 

Please send a statement of research interests and 
experience, curriculum vitae including publications list, 
and names of three references (with e-mail addresses) 
to: Peter J. Makovicky, Chair, Department of Ge- 
ology, The Field Museum, 14.00 S. Lake Shore Drive, 
Chicago, IL 60605-2496 USA; e-mail: pmakovicky@ 
fieldmuseum.org; telephone: 312-665-7633. Appli- 
cations must be received by May 15, 2012. The Field 
Museum is an Equal Opportunity /Affirmative Action Employer. 
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